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I  ; 

I  This  contract  has  provided  a  program,  of  research  whose  overall  goal  has  been  a  better 

I  understanding  of  the  origins  and  interplanetary  propagation  of  geomagnetic  disturbances  and 

[  also  the  dynamics  of  Solar  Energetic  Particle  events  (SEPs).  The  research  built  on  addressing 

I  several  areas:  the  solar  eruptive  phenomena  which  lead  to  sporadic  geomagnetic  storms; 

I  analyses  of  SEPs  to  identify  particle  injection  profiles  at  the  Sun;  the  role  of  Coronal  Mass  * 
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I  CMEs;  and  the  development  of  a  Ground  Level  Event  (GLE)  database  with  access  by  \ 

I  GLEINFO;  Shuttle  Potential  and  Return  Electron  Experiment  (SPREE)  measurements  and  \ 
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1.  INTRODUCTION 


This  contract  with  Boston  College  has  provided  a  significant  research  program  utilizing  satellite 
and  ground-based  observations  of  solar,  interplanetary,  and  geomagnetic  measurements  to 
improve  understanding  of  the  origins  and  interplanetary  propagation  of  geomagnetic 
disturbances  as  well  as  the  dynamics  of  solar  energetic  particle  events. 


The  research  addressed  several  areas:  the  solar  eruptive  phenomena  which  lead  to 
sporadic  geomagnetic  storms;  analyses  of  SEPs  to  identify  particle  injection  profiles  at 
the  Sun;  the  role  of  Coronal  Mass  Ejections  (CMEs)  in  the  production  of  SEPs  and 
shocks  at  1  AU;  view  of  the  heliospheric  current  sheet  and  coronal  streamer  belt; 
identification  of  CMEs  in  the  interplanetary  medium,  and  establishment  of  their 
heliospheric  characteristics;  magnetic  clouds  as  interplanetary  signatures  of  CMEs;  solar 
flare/CME  relationships;  e-folding  decay  time  of  intense  soft  x-ray  bursts  as  a  forecaster 
of  significant  proton  events  at  1  AU;  CMEs  as  a  tracking  mechanism  for  the  solar 
availability  cycle;  systematic  search  for  candidate  disconnection  structures  in  the  wake  of 
CMEs;  and  the  development  of  a  Ground  Level  Event  (GLE)  database  with  access  by 
GLEINFO;  Shuttle  Potential  and  Return  Electron  Experiment  (SPREE)  measurements 
and  analysis. 


Specific  research  projects  included: 

-  Studies  of  solar  sources  of  activity  leading  to  geomagnetic  storms,  principally  the  origin, 

early  development,  and  characteristics  of  CMEs; 

-  Studies  of  electron  and  proton  association  with  solar  activity  and  interplanetary  activity; 

-  Generation  of  a  solar  relativistic  proton  database  for  the  GLEs  of  Solar  Cycle  22,  with 

plot  programs  and  interactive  procedures  for  access; 

-  SPREE  studies:  wave-particle  interaction,  electron  beam  propagation,  ionization  effects, 

MHz  modulations  in  electron  flux,  ion  beam  arc  distributions; 

-  Generation  of  CRRES  electric  field  database,  with  interactive  plot  programs  for  quick 

surveys; 

-  Interactive  program  for  access  to  DMSP  data; 

-  Studies  of  interaction  of  the  auroral  ionosphere  and  the  magnetosphere; 

-  Provision  of  mission  support  for  the  SPREE  science  team  for  the  Tethered  Satellite 

System  reflight 


Section  2  provides  a  brief  summary  of  the  primaiy  research  results  of  this  contractual  effort. 
Section  3  lists  presentations  made  at  both  national  and  international  scientific  meetings, 
workshops,  and  conferences.  Section  4  lists  publications  generated  under  the  contract;  and 
Section  5  is  comprised  of  reprints  of  twelve  publications  selected  from  the  list  in  Section  4,  as 
being  of  particularly  high  interest  to  the  scientific  community. 
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2.  PROGRAM  RESULTS 


2.1.  Solar  and  Interplanetary  Sources  of  Geomagnetic  Storms 

Studies  in  this  area  emphasized  the  sources  at  the  Sun  of  activity  which  leads  to  geomagnetic 
storms  and  the  signatures  of  IP  disturbances  which  link  the  solar  ejections  to  storms.  Because  of 
its  importance  as  a  link  between  solar  activity  and  storms  at  Earth,  CMEs  and  the  IP  shock  waves 
driven  by  them  were  primary  focuses  of  our  research. 

Invited  review  presentations  and  published  papers  on  the  origins,  properties  and  IP  aspects  of 
CMEs  and  related  activity;  Kahler  (1992c,  1992d)  and  Webb  (1992,  1993,  1994,  1995a,  1995b, 
1996a,  1996b).  In  addition  Webb  was  a  Team  Leader  at  Workshops  on  Hares22  (Webb  et  al., 
1994)  and  on  the  Solar  Radio  Telescope. 

A  major  focus  of  the  research  was  on  the  origin  and  early  development  of  CMEs  and  their 
association  with  other  forms  of  activity  near  the  sun.  Papers  highlighting  these  aspects  included 
St.  Cyr  and  Webb  (1991),  Webb  (1991),  Kahler  (1992a),  Webb  (1992),  Webb  and  Howard 
(1994)  and  Webb  et  al.  (1994).  A  major  effort  was  a  study  of  evidence  for  the  disconnection  of 
magnetic  field  lines  involved  in  CMEs  near  the  sun  (Webb  et  al.,  1994;  Webb  and  Cliver,  1995), 
and  the  topology  of  CME  fields  in  the  IP  medium  (Kahler  and  Reames,  1991;  Lin  and  Kahler, 
1992;  and  Webb  et  al.,  1993a). 

Another  focus  was  on  the  IP  manifestations  of  geoeffective  disturbances,  in  particular  CMEs. 
Webb  collaborated  with  B.  Jackson  and  others  on  studies  of  the  IP  signatures  of  CMEs  using 
HELIOS  spacecraft  in-situ  and  photometer  data  to  identify  and  study  CMEs  between  0.3  and  1 
AU  from  tiie  sun.  A  comprehensive  catalog  of  the  photometer  identifications  was  published  by 
Jackson  et  al.  (1994).  Papers  on  results  of  the  general  characteristics  of  IP  CMEs  were  by  Webb 
and  Jackson  (1990,  1992,  1993)  and  Webb  et  al.  (1993a).  The  masses  and  kinetic  energies  of 
CMEs  observed  by  HELIOS  were  discussed  by  Jackson  and  Webb  (1994)  and  Webb,  Howard 
and  Jackson  (1996).  An  important  paper  by  Crooker  et  al.  (1993)  suggests  that  the  base  of  the 
heliospheric  current  sheet  may  encompass  multiple  helmet  streamers  and,  therefore,  may  act  as  a 
conduit  for  CMEs.  The  specific  association  of  HELIOS  CMEs  aimed  at  the  Earth  and 
geomagnetic  storms  was  discussed  by  Webb,  Jackson  and  Hick  (1996a,  1996b). 

Finally,  during  this  period  some  contract  work  was  performed  as  a  target  of  opportunity  on  the 
conceptual  design  of  an  Earth-orbiting  instrument  to  detect  and  study  CMEs  approaching  the 
Earth.  The  experiment,  called  the  Solar  Mass  Ejection  Imager  (SMEI),  will  be  used  as  an 
operational  sensor  to  forecast  the  occurrence  of  geomagnetic  storms  and  related  disturbances  at 
Earth.  This  program  is  now  being  supported  by  external  Ar  Force  and  NASA  funds.  Papers 
relating  to  SMEI  are  Jackson  et  al.  (1992, 1994, 1996a,  1996b,  1996c)  and  Keil  et  al.  (1996). 


2.2.  Solar  Energetic  Particle  Events  and  Interplanetary  Shocks 

Studies  in  this  area  involved  analyses  of  SEP  data  from  several  spacecraft  and  from  the  ground  to 
identify  the  particle  injection  proves  at  the  Sun  and  to  examine  different  kinds  of  particle  events. 
The  studies  fell  into  two  general  categories:  1)  the  determination  of  the  acceleration  and 
injection  profiles  of  electrons  and  protons  and  their  association  with  solar  activity  and  IP 
disturbances,  and  2)  study  of  the  profiles  of  solar  relativistic  events  using  a  standardized  data 
base  of  ground-level  events  (GLEs)  compiled  under  the  contract. 

The  central  role  of  CMEs  in  geoeffective  disturbances  was  also  a  focus  of  the  studies  of  SEP 
events,  since  long-duration  SEP  events  are  strongly  associated  with  IP  shocks  driven  by  CMEs. 
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Results  supporting  this  conclusion  are:  large,  long-duration  SEP  events  are  nearly  always 
associated  with  fast  CMEs,  they  are  not  well  correlated  with  the  amplitude  of  a  flare's  impulsive 
phase,  their  abundances  and  ionization  states  are  typical  of  ambient  coronal  rather  than  flare- 
heated  plasma,  and  isolated  erupting  filaments  can  also  produce  SEPs  (reviewed  by  Kahler, 
1992d).  Possibly  even  high  energy  SEPs  (61  GeV)  can  be  accelerated  by  CME-driven  IP  shocks. 
Kahler  (1994)  showed  that  the  injection  intensities  of  ~1  GeV  proton  events  reach  maximum 
when  the  associated  CME  is  at  ~10  Rs,  not  earlier  at  the  onset  of  the  associated  flare  or  its 
impulsive  phase. 

The  association  of  CMEs  with  long-rise  injection  profiles  of  some  SEP  events  were  studied  by 
Kahler  (1991,  1993a,  1994).  They  concluded  that  the  long  risetime  profiles  were  a  combination 
of  two  separate  SEP  injections  from  two  CMEs. 

Most  of  the  earlier  SEP/CME  studies  had  involved  proton  SEPs.  Kahler  et  al.  (1991,  1994) 
examined  nonrelativistic  electron  events  and  concluded  that  the  population  of  shocLaccelerated 
electrons  is  comparable  to  the  flare-associated  population.  Finally,  Kahler  and  Reames  (1991) 
used  SEPs  as  probes  of  magnetic  clouds,  considered  a  subset  of  IP  CMEs.  They  concluded  that 
the  cloud  topology  was  like  a  bottle,  with  the  field  lines  still  connected  back  to  the  sun,  rather 
than  like  a  disconnected  plasmoid. 

A  study  of  coronal  mass  ejection  (CME)  activity  and  cosmic  ray  modulation  from  1979-1989 
was  completed.  Histograms  of  CME  speeds  and  of  solar  latitude  distribution  were  plotted  for  3- 
month  intervals  from  an  extensive  list  of  CMEs  to  determine  the  spatfal  distribution  of  CMEs 
for  various  speed  ranges  in  order  to  gain  insight  into  the  role  of  CMEs  in  cosmic  ray 
modulation.  The  daily  rate  of  CMEs  was  compared  with  the  Deep  River  galactic  cosmic  ray 
counting  rate  to  study  two  specific  periods  of  change  in  cosmic  ray  modulation,  early  1982  and 
late  1988,  in  relation  to  the  current  models  of  galactic  cosmic  ray  modulaton. 

Plots  of  solar  flare  time  and  location  vs  sudden  commencement  time  and  location  were  prepared 
for  a  study  of  >  10  MeV  solar  energetic  proton  events  associated  with  eastern  limb  eruptive 
flares.  Such  events  can  rapidly  propagate  from  a  wide  range  of  heliolongitudes.  The  study  used 
multi-spacecraft  data  to  examine  the  observational  evidence  that  such  rapid  propagation  of  solar 
energetic  protons  is  dependent  on  widespread  acceleration  of  coronal  mass  ejection-driven 
interplanetary  shocks. 

A  study  was  completed  of  the  large  soft  x-ray  bursts  of  Solar  Cycle  22  to  examine  the 
relationship  between  these  events  and  the  occurrence  of  major  (>10  MeV)  proton  events.  This 
was  an  extension  of  a  study  done  by  Cliver  and  Cane  for  Solar  Cycle  21  which  examined  the  e- 
folding  decay  time  of  the  soft  x-ray  emission  and  found  that  major  proton  events  rarely 
originated  in  impulsive  flares.  The  continuance  of  this  characteristic  during  the  first  half  of  Solar 
Cycle  22  reinforces  the  usefulness  of  the  soft  x-ray  time  scale  as  a  tool  for  forecasting  solar 
proton  events.  This  study  was  presented  at  the  Solar-Terrestrial  Predictions  Workshop  in 
Ottawa,  Canada. 


2.3.  Ground-Level  Enhancements  (GLEs) 

1)  A  solar  relativistic  proton  database  for  the  Ground-Level  Enhancements  (GLEs)  of  Solar 
Cycle  22  was  compiled  and  has  been  maintained  for  the  duration  of  this  contract.  The  objective 
of  this  effort  was  to  make  the  data  readily  available  to  the  international  scientific  community  for 
research  studies  of  these  unusual  events.  The  remarkable  cooperation  of  the  international 
scientific  community  contributed  greatly  to  the  success  of  this  project.  Russian  scientists  in 
particular  made  a  concerted  effort  to  contribute  their  data  despite  limited  resources. 
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GLEs  are  marked  by  the  observation  of  secondary  particles  generated  by  high  energy  protons 
(>450  MeV)  interacting  at  the  top  of  the  atmosphere.  Fifteen  events  were  observed  during  this 
solar  cycle  and  many  of  them  were  highly  significant.  The  29  September  1989  event,  with 
increases  >  350  %  above  background  recorded  at  several  high  latitude  stations,  was  the  largest 
GLE  observed  since  February  1956.  During  the  GLEs  on  19,  22,  and  24  October  1989, 
measured  proton  fluxes  reached  record  high  levels.  The  GLEs  of  1 1  and  15  June  1991  occurred 
during  a  period  of  intense  solar  activity  which  included  a  remarkable  cosmic  ray  intensity  low 
on  13  June  1991. 

The  complete  GLE  Database  for  Solar  Cycle  22  resides  on  a  VAX  7620  at  the  Geophysics 
Directorate  of  Phillips  Laboratory  at  Hanscom  AFB  and  is  available  online.  Two  separate 
software  applications  provide  access,  GLE  and  GLEINFO.  GLE  has  been  available  for  five 
years  and  has  been  used  successfully  by  scientists  from  Australia,  Canada,  Finland,  France,  Italy, 
Japan,  South  Africa,  Switzerland,  and  the  US.  GLE  allows  authorized  users  complete  access  to 
the  data,  including  the  capability  to  copy  data  files  and  event  information.  Upon  request,  data 
for  specific  GLEs  have  been  sent  to  scientists  who  could  not  log  in  to  the  database  directly. 
GLEINFO  allows  unrestricted  access  to  the  database  to  examine  data  and  event  information. 
No  special  password  is  required.  The  paper  entitled  Relativistic  Solar  Proton  Database  for  the 
Ground-Level  Enhancements  During  Solar  Cycle  22  by  L.  C.  Gentile  which  describes 
GLEINFO  was  published  as  a  Brief  Data  Report  in  the  Journal  of  Geophysical  Research-Space 
Physics  for  December  1993. 

The  database  has  a  separate  subdirectory  for  each  event.  In  addition  to  the  data  files,  each  event 
subdirectory  has  a  brief  summary  file  for  the  event  which  includes  the  associated  flare 
information  and  preliminary  estimates  of  the  event  onset  and  maximum  observed  at  each  station, 
the  station  latitude,  longitude,  altitude,  type  of  monitor,  and  effective  vertical  cutoff  rigidity 
calculated  using  the  1980  International  Geomagnetic  Reference  Field  Model.  An  additional 
subdirectory  includes  event  dates,  baselines  and  times  selected  for  hourly  and  small-time  data 
for  each  event,  and  a  complete  description  of  the  GLE  standard  format.  Having  all  this 
information  readily  available  in  concise  tables  has  been  beneficial  in  the  analysis  of  these  events, 
particularly  for  new  users  of  the  database. 

2)  After  several  years  of  painstaking  work,  the  GLE  Database  for  1956-1984  has  been 
compiled  and  computerized  in  a  standard  format  suitable  for  scientific  analysis.  These  data  were 
previously  found  primarily  in  the  form  of  printed  records,  many  of  which  were  incomplete  or 
not  fully  documented.  We  have  computerized  these  data  in  a  standard  format  as  accurately  as 
possible  with  the  information  available  to  us.  Individual  station  sets  have  been  checked  for 
consistency  and  those  with  unresolved  discrepancies  were  documented  both  in  the  data  file  and 
in  the  GLE  catalog.  Principal  investigators  have  been  given  the  latest  catalog  lists  for  their 
stations  and  have  been  asked  for  their  help  in  resolving  the  discrepancies  found  in  the  data  and 
in  completing  data  sets.  This  has  enabled  us  to  provide  a  more  accurate  and  consistent  database 
for  scientific  study  of  the  processes  involved  in  solar  proton  acceleration  and  propagation. 
Scientists  from  Oulu,  Finland,  and  Potchefstroom,  South  Africa,  made  exceptional  efforts  to 
provide  complete  and  verified  data  for  all  events  for  whieh  their  stations  were  operating. 

3)  Work  was  also  completed  on  a  comprehensive  check  of  both  GLE  databases  with  the  full 
GLE  catalog  for  1956-1992.  Each  catalog  entry  was  checked  and  verified  with  the 
accompanying  data  file,  and  the  catalog  is  now  an  up-to-date  record  of  the  computerized 
database.  Catalog  entries  were  checked  for  consistency  station  by  station  and  event  by  event.  A 
complete  station  listing  was  made  and  filed  in  a  notebook  for  reference.  All  catalog  files  were 
moved  to  an  updated  computer  system  which  could  accommodate  the  extensive  complete 
catalog  files. 
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4)  A  significant  number  of  plot  programs  and  interactive  procedures  were  written  for  use  with 
the  GLE  databases.  These  procedures  allow  the  users  to  select  parameters  from  a  menu  of 
plotting  options  to  plot  six  different  types  of  rigidity  and  energy  spectra  or  to  create  plots  of 
either  single  or  multiple  data  sets  in  both  hourly  data  and  small-time  formats  for  data  analysis. 
A  number  of  FORTRAN  programs  and  DCL  procedures  were  also  written  to  facilitate  updating 
the  GLE  data  files  and  catalog.  Many  are  interactive,  allowing  the  user  to  select  the  type  of 
change  to  be  made,  to  enter  the  necessary  information,  and  then  to  add  the  modified  file  to  the 
database. 

5)  Data  were  also  gathered  and  analyzed  for  significant  Forbush  decreases  during  this  solar 
cycle.  These  decreases  occurred  during  periods  of  intense  cosmic  ray  activity.  The  additional 
data  were  reformatted  in  the  GLE  standard  format,  printed,  and  plotted  for  further  study  of  these 
unusual  periods  of  cosmic  ray  activity. 

6)  An  extensive  series  of  plots  were  prepared  for  a  study  of  coronal  mass  ejection  (CME) 
activity  and  cosmic  ray  modulation  from  1979-1989.  Histograms  of  CME  speeds  and  of  solar 
latitude  distribution  were  plotted  for  3-month  intervals  from  an  extensive  list  of  CMEs  to 
determine  the  spatial  distribution  of  CMEs  for  various  speed  ranges  in  order  to  gain  insight  into 
the  role  of  CMEs  in  cosmic  ray  modulation.  The  daily  rate  of  CMEs  was  compared  with  the 
Deep  River  galactic  cosmic  ray  counting  rate  to  study  two  specific  periods  of  change  in  cosmic 
ray  modulation,  early  1982  and  late  1988,  in  relation  to  the  current  models  of  galactic  cosmic 
ray  modulaton. 

7)  Plots  of  solar  flare  time  and  location  vs  sudden  commencement  time  and  location  were 
prepared  for  a  study  of  >  10  MeV  solar  energetic  proton  events  associated  with  eastern  limb 
eruptive  flares.  Such  events  can  rapidly  propagate  from  a  wide  range  of  heliolongitudes.  The 
study  used  multi-spacecraft  data  to  examine  the  observational  evidence  that  such  rapid 
propagation  of  solar  energetic  protons  is  dependent  on  widespread  acceleration  of  coronal  mass 
ejection-driven  interplanetary  shocks. 

2.4  Shuttle  Potential  and  Return  Electron  Experiment  (SPREE) 

The  Shuttle  Potential  and  Return  Electron  Experiment  (SPREE)  flew  on  the  first  Tethered 
Satellite  System  mission  (TSS  1)  from  31  July  to  8  August  1992  and  again  on  the  TSS  1  reflight 
(TSS  IR)  from  22  February  to  9  March  1996.  SPREE,  which  measured  fluxes  of  electrons  and 
ions  with  energies  between  10  eV  and  10  keV,  was  designed  to  measure  the  shuttle  potential 
during  tether  operations  and  to  determine  the  wave-  particle  interactions  in  the  plasma 
environment  surrounding  the  shuttle.  A  number  of  studies  of  the  SPREE  data  from  TSS  1  were 
undertaken  and  completed.  Electron  beam  firings  from  the  shuttle  simulated  conditions 
observed  along  auroral  field  lines  during  magnetic  storms.  Data  obtained  from  these 
experiments  contributed  to  a  better  understanding  of  beam  propagation  and  interactions  with  the 
ionosphere.  SPREE  frequently  detected  increased  ionization  during  thruster  firings,  operation  of 
the  flash  evaporator  system,  and  water  dumps.  Studies  of  these  SPREE  results  have  provided  a 
more  detailed  assessment  of  the  effects  the  shuttle  systems  have  on  the  shuttle  environment. 

1)  The  study  of  electron  beam  propagation  following  Fast  Pulsed  Electron  Generator  (I^EG) 
emissions  perpendicular  to  the  Earth's  magnetic  field  during  TSS  1  was  published  in  the 
November  1995  Journal  of  Geophysical  Research.  Electrons  fired  from  FPEG  nearly 
perpendicular  to  the  Earth's  magnetic  field  were  observed  by  SPREE  after  completing  ~  1 
gyrocycle.  The  decrease  in  the  beam  intensity  between  emission  and  detection  (100  mA  cm''-2 
to  18  nA  cm'^-2)  indicates  that  the  electrons  cannot  reach  SPREE  along  unperturbed  trajectories. 
The  creation  of  a  virtual  cathode  near  FPEG  was  suggested  as  a  reasonable  explanation  for  the 
SPREE  observations. 
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A  FORTRAN  program  was  written  to  calculate  the  X  and  Z  coordinates  of  the  FPEG  beam 
spread  for  various  colatitude  angles  to  determine  particle  access  to  the  SPREE  detectors.  Two 
events  in  particular  during  which  FPEG  fired  a  1  keV  electron  beam  almost  perpendicular  to  the 
Earth's  magnetic  field  and  SPREE  detected  beam  electrons  after  almost  1  full  gyrocycle  were 
studied.  An  interactive  version  of  the  program  was  created  to  provide  more  flexibility  in 
selecting  time  intervals  for  future  studies. 

2)  A  FORTRAN  program  was  written  to  calculate  and  plot  the  interplanetary  magnetic  field 
magnitude  and  direction  for  the  duration  of  the  TSS  1  mission.  In  addition,  the  program 
provides  an  option  to  plot  the  electron  pitch  angle,  gyroradius,  and  gyrofrequency  to  study 
particle  access  to  the  SPREE  detectors  during  firing  of  l^EG. 

3)  The  study  of  increased  ionization  effects  observed  during  thruster  firings  by  SPREE  during 
TSS  1  was  published  in  the  October  1995  Journal  of  Geophysical  Research.  Significant  ion  flux 
enhancements  were  observed  when  the  shuttle  was  flying  approximately  perpendicular  to  the 
Earth's  magnetic  field  and  SPREE  was  looking  in  the  ram  direction. 

In  one  case,  the  shuttle  was  flying  bay-to-earth  with  the  left  wing  forward  and  the  rear  right 
thrusters  fired.  Both  SPREE  electrostatic  analyzers  (ESAs)  detected  ions  in  the  10  eV  to  60  eV 
range  when  looking  toward  the  left  wing.  Ions  were  also  detected  by  the  QINMS  (Quadrupole 
Ion-Neutral  Mass  Spectrometer)  which  was  mounted  in  the  aft  section  of  the  shuttle  payload 
bay.  The  mass  spectrometer  indicated  the  increased  presence  of  ions  in  the  12-44  amu  range. 
The  model  devised  for  the  collisionless  trajectories  of  pickup  ions  that  could  be  detected  by 
SPREE  confirms  the  ion  energy  distribution  observed  by  SPREE  and  indicates  that  significant 
scattering  must  be  taking  place  both  immediately  after  thruster  emission  and  later  after  particles 
become  ionized  and  the  new  pickup  ions  cross  ttie  path  of  the  oncoming  particle  stream  before 
reaching  the  SPREE  detectors. 

In  another  case,  the  shuttle  was  flying  bay-to-ram  and  the  forward  thrusters  fired.  Ions  were 
promptly  detected  by  SPREE  which  was  then  looking  perpendicular  to  the  magnetic  field.  A 
third  type  of  event  occurred  when  the  shuttle  was  flying  bay-to-ram  in  a  vertical  attitude.  When 
thrusters  on  the  right  side  fired  along  the  magnetic  field  lines,  SPREE  did  not  record  the  firing. 
When  the  rear  thrusters  fired  perpendicular  to  the  magnetic  field  lines,  SPREE  detected 
increased  ion  fluxes.  In  all  cases,  SPREE  detected  ions  in  the  10-100  eV  range,  suggesting  that 
the  majority  of  the  ions  SPREE  detected  were  pickup  ions. 

4)  The  study  of  MHz  modulations  in  the  electron  flux  observed  during  FPEG  dc  firings  during 
TSS  1  was  published  in  the  November  1995  Journal  of  Geophysical  Research.  Modulations  in 
the  0-10  MHz  electron  flux  were  recorded  by  SPACE  (Space  Particle  Correlator  Experiment)  an 
integral  component  of  the  SPREE  data  processor  unit.  The  study  focused  on  2-4  MHz 
modulations  observed  when  FPEG  was  firing  in  dc  mode  at  pitch  angles  close  to  90  degrees. 

Several  FORTRAN  programs  were  written  to  support  this  study.  Programs  were  written  to  plot 
the  electron  differential  number  flux,  distribution  function.  Fast  Fourier  Transforms,  and  Auto 
Correlation  Functions  calculated  by  the  SPREE  SIDAT  software.  Additional  programs  plot 
differential  number  flux  spectra  from  3-5  different  zones  of  the  SPREE  ESAs  for  comparison  of 
the  beam  observations  at  the  varying  look  angles  of  SPREE. 

5)  The  study  of  ion  beam  arc  distributions  observed  by  SPREE  during  TSS  1  was  accepted  for 
publication  in  the  Journal  of  Geophysical  Research.  This  paper  is  a  comprehensive  study  of 
increased  ion  fluxes  recorded  by  SPREE  when  the  ESAs  were  looking  in  the  ram  direction  and 
approximately  perpendicular  to  the  Earth's  magnetic  field.  Operation  of  the  flash  evaporator 
system,  water  dumps,  and  thruster  firings  enhanced  the  ion  distributions.  The  collisionless 
trajectory  model  developed  for  the  thruster  effects  study,  was  generalized  and  applied  to  the 
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trajectories  of  these  beam  arc  ions.  This  study  characterizes  the  observed  ion  beam  arc 
distributions  for  these  shuttle  operating  conditions  and  models  their  effects  in  the  vicinity  of  the 
shuttle. 

6)  The  paper  describing  thruster  firing  effects  on  the  shuttle  potential  during  the  deployed 
phase  of  the  TSS  1  mission  when  the  shuttle  was  negatively  charged  was  accepted  for 
publication  in  the  Journal  of  Geophysical  Research.  This  study  identifies  13  events  when  the 
shuttle  was  flying  with  the  engine  bells  in  the  ram  direction,  the  tether  was  electrically 
connected  to  the  shuttle  by  a  low-impedance  shunt,  and  the  shuttle  charged  negatively.  We 
examined  the  effects  of  thruster  firings  on  the  shuttle  potential.  Our  observations  indicate  that 
the  thruster  firings  either  did  not  affect  the  tether  circuit  or  caused  the  tether  current  to  diminish 
and  the  shuttle  to  become  more  negatively  charged.  The  aft  vernier  thrusters  which  fire  toward 
the  wings  caused  the  most  significant  effects. 

7)  Work  is  continuing  on  an  extensive  study  of  low  frequency  modulation  effects  in  wave- 
particle  interactions  observed  during  DC  firings  of  the  Fast  Pulsed  Electron  Generator  (FPEG) 
during  the  TSS  1  mission.  The  study  describes  low  frequency  modulations  in  the  electron  flux 
observed  by  SPREE  and  SPACE  (Space  Particle  Correlator  Experiment)  over  a  wide  range  of 
pitch  angles  when  FPEG  was  firing  in  DC  mode.  A  comprehensive  table  was  prepared  for  this 
study,  including  shuttle  location,  attitude,  and  velocity,  magnetic  field  measurements,  FPEG 
pitch  angle,  and  the  frequency  and  energy  range  of  the  modulations  measured  during  each  event. 
Approximately  two  thirds  of  the  events  occur  at  night.  SPREE  often  observes  the  beam  after  it 
has  lost  its  parallel  kinetic  energy.  There  is  a  marked  transition  from  thermal  to  power  law 
distributions  as  the  SPREE  pitch  angle  decreases  from  90  degrees. 

SPREE  Briefings  for  TSS  IR 

8)  Briefings  on  the  progress  of  the  SPREE  data  analysis  were  prepared  for  the  Tethered 
Satellite  System  Reflight  Investigator  Working  Group  Meetings  held  in  Turin,  Italy  in  October 
1994,  at  NASA  Marshall  Space  Flight  Center  in  Huntsville,  Alabama,  in  Februa^  1995,  and  in 
Rome,  Italy,  in  May  1995.  Our  studies  of  electron  beam  propagation,  ion  beam  arc 
distributions,  thruster  firing  effects,  and  negative  shuttle  charging  were  discussed.  Results  of 
these  studies  provided  extremely  valuable  insights  as  scientists  designed  and  modified 
experiments  planned  for  the  reflight. 

9)  A  brief  report  on  SPREE  including  a  description  of  the  instrumentation,  the  scientific 
objectives,  and  the  scientific  results  from  the  TSS  1  data  analysis  was  written  and  submitted  for 
publication  in  the  third  edition  of  the  Tethers  in  Space  Handbook.  SPREE  Support  in 
Preparation  for  TSS  IR  Shuttle  Mission 

10)  Support  was  provided  for  several  pre-flight  simulations,  hardware  tests,  and  Investigator 
Working  Group  Meetings  in  preparation  for  TSS  IR.  Projects  included  preparing  experiment 
documentation  for  the  reflight,  writing  and  revising  the  SPREE  scientific  functional  objectives 
and  checking  operational  and  malfunction  procedures  for  consistency.  A  functional  objective 
summary  list  which  included  all  the  mission  science  experiment  functional  objectives  and 
indicated  those  for  which  SPREE  operations  were  required  was  prepared  as  a  quick  reference 
list  for  the  mission  support  team. 

11)  As  a  direct  result  of  the  thruster  firing  study,  several  experiments  were  designed  to  observe 
the  duration  of  the  increased  ionization  effects  following  controlled  thruster  firings  at  specified 
attitudes.  Experiments  were  planned  with  and  without  FPEG  electron  beam  emissions. 
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2.5.  Combined  Release  and  Radiation  Effects  Satellite  (CRRES) 

1)  Support  was  provided  for  the  project  to  create  a  database  of  the  CRRES  electric  field  data. 
CRRES  (Combined  Release  and  Radiation  Effects  Satellite)  flew  for  more  than  1  year  in  1990- 
1991,  and  during  its  more  than  1000  orbits  recorded  a  substantial  amount  of  data.  Printed  plots 
filed  in  notebooks  are  now  available  for  quick  surveys  of  the  data  and  for  selecting  time 
intervals  for  further  study.  Programs  and  procedures  written  to  plot  these  data  for  selected  orbits 
have  been  documented  and  maintained  to  ensure  the  data  are  accessible  to  scientists.  Electric 
field  and  magnetic  field  data  for  specific  orbits  have  been  provided  to  Phillips  Lab  and  NASA 
GSFC  scientists  for  research  studies. 

2)  A  FORTRAN  program  was  written  to  extract  specific  parameters  from  the  DMSP  F08  data 
which  are  stored  on  optical  disk.  The  software  combines  the  three  DMSP  files  per  month  into 
one  file  and  extracts  the  polar  cap  potential  data.  An  additional  interactive  program  was  written 
to  enable  the  user  to  select  a  day  at  a  time  for  detailed  study.  These  data  are  being  used  for  a 
study  of  the  LEPA  data  from  the  CRRES  mission  in  1990-1991. 

2.6.  WIND 

Procedures  to  maintain  the  WIND  satellite  real-time  data  link  and  to  obtain  ascii  data  files  and 
plots  for  selected  days  from  the  database  at  NASA  Goddard  Space  Flight  Center  have  been 
documented  and  implemented  as  needed. 

2.7.  Modification/In-Scope  Change  to  Contract 

2. 7.1  Study  of  Importance  of  Magnetic  Field  Complexity  for  CME  Source  Regions 

As  discussed  above  we  have  learned  much  about  the  origins  and  development  of  CMEs. 
However,  recent  work  indicates  that  the  underlying,  large-scale  solar  magnetic  fields  appear  to 
be  more  complex  than  previously  thought.  During  the  extended  period  of  performance  we 
studied  Yohkoh  spacecraft  images  of  eruptive  events  as  tracers  of  the  CME  fields  visible  against 
the  solar  disk  and  compared  them  with  global  surface  magnetic  field  patterns.  The  results 
suggesting  that  multipolar  magnetic  systems  are  a  common  configuration  of  the  source  fields  of 
many  CNffis  are  discussed  by  Webb  et  al.  (1996). 

Also  during  this  period  Webb  presented  a  review  paper  on  CMEs  (Webb,  1996b)  and  a 
contributed  paper  (Webb,  Jackson  and  Hick,  1996b)  at  a  predictions  Workshop  in  Japan.  Both 
papers  will  be  published  in  the  Proceedings  of  the  Workshop. 


2.7.2.  Study  of  the  Characteristics  of  Disturbed  Magnetospheric  Plasma 

Studying  the  predictability  of  the  strength  and  direction  of  the  interplanetary  magnetic  field 
during  geomagnetic  disturbances  requires  data  generally  available  only  when  such  disturbances 
naturally  occur.  Because  of  the  effects  of  such  storms  on  orbiting  spacecraft  and 
communications  capabilities,  NASA  conducts  active  shuttle-based  controlled  experiments  and 
invited  Air  Force  participation  in  the  Tethered  Satellite  System  Reflight.  This  provided  a  free 
and  worthwhile  opportunity  for  the  Air  Force.  Through  the  use  of  electron  beam  firings  from 
the  shuttle,  conditions  along  auroral  field  lines  during  magnetic  storms  were  simulated. 

This  was  a  unique  opportunity  for  our  scientists  under  this  contract,  who  have  the  expertise  to 
take  advantage  of  the  data  obtained  from  these  experiments  to  better  understand  the  interaction 
of  the  auroral  ionosphere  and  the  magnetosphere.  Mission  support  was  provided  for  the  Shuttle 
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Potential  and  Return  Electron  Experiment  (SPREE)  science  team  for  the  Tethered  Satellite 
System  reflight  (TSS  IR)  which  was  launched  on  Columbia  22  February  1996.  Primary 
objective  of  the  mission  was  to  characterize  the  electrodynamic  effects  of  deploying  and 
retrieving  an  electrically  conducting  satellite  connected  to  the  shuttle  by  a  conducting  tether. 
SPREE  was  designed  to  measure  the  shuttle  potential  during  tether  operations  and  to  determine 
the  wave-particle  interactions  in  the  plasma  environment  surrounding  the  shuttle. 

SPREE  was  activated  on  the  second  day  of  the  mission  and  performed  exceptionally  well. 
Preliminary  data  from  the  deployed  phase  of  the  mission  are  quite  extraordinary,  and  it  is  most 
unfortunate  that  the  tether  broke  at  19.7  km,  just  before  reaching  the  full  20.7  km  planned  for 
the  deployment.  However,  in  cooperation  with  other  experiment  support  teams,  we  rescheduled 
electron  beam  experiments  to  take  advantage  of  the  additional  time  for  electron  beam  emission 
and  propagation  studies.  SPREE  recorded  an  extensive  set  of  electron  beam  experiments 
conducted  throughout  full  orbits  of  the  mission. 

In  one  particular  experiment,  the  shuttle  was  aligned  with  the  long  axis  along  the  Earth's 
magnetic  field  and  the  fast  pulsed  electron  generator  (FPEG)  fired  at  a  pitch  angle  of  -90 
degrees  to  the  magnetic  field.  The  sequence  included  28  beam  firings  while  the  shuttle 
maintained  this  attitude.  In  this  configuration  SPREE  was  able  to  view  the  interior  structure  of 
the  beam  and  specify  the  wave-particle  interactions  (WPI)  within  a  beam  with  a  gyroradius  of  a 
few  meters.  This  experiment  simulated  very  narrow  auroral  arc  beams  identified  in  optical  and 
sounding  rocket  experiments.  Studies  of  the  data  from  this  and  other  beam  firing  experiments 
will  contribute  to  our  research  involving  disturbed  magnetospheric  conditions. 

Also  included  in  the  TSS  IR  experiments  were  several  that  were  developed  as  a  direct  result  of 
the  thruster  firing  study.  These  were  designed  to  observe  the  duration  of  increased  ionization 
effects  following  controlled  thruster  firings  at  specified  attitudes.  Experiments  were  conducted 
for  two  different  shuttle  attitudes  in  relation  to  the  Earth's  magnetic  field  with  and  without  FPEG 
electron  beam  emissions.  A  preliminary  survey  of  the  real-time  data  from  the  mission  has  been 
completed.  Plots  of  15-minute  electron  and  ion  differential  flux  spectrograms  were  prepared  for 
initial  studies  of  this  extensive  and  valuable  new  data  set. 
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3.  PRESENTATIONS 


15  December  1989  -  15  March  1996 

1.  Hildner,  E.  and  S.  Kahler,  Coronal  Structure  and  Development  Following  CMEs,  Seventh 
Quadrennial  Symposium  on  Solar-Terrestrial  Physics  (in  conjunction  with  XXVIII  COSPAR), 
The  Hague,  The  Netherlands,  23  June  -  5  July  1990.  Presented  by  E.  Hildner.  (Invited) 

2.  Webb,  D.F.,  The  Coronal  Mass  Ejection  as  a  Geoeffective  Agent,  Seventh  Quadrennial 
Symposium  on  Solar-Terrestrial  Physics  (in  conjunction  with  XXVIII  COSPAR  Meeting),  The 
Hague,  The  Netherlands,  23  June  -  5  July  1990.  Presented  by  D.F.  Webb. 

3.  Webb,  D.F.,  The  Solar  Cycle  Variation  of  CMEs  and  Related  Activity,  Symposium  9  on 
Space  Observations  of  the  Solar  Corona  and  the  Origin  of  the  Solar  Wind  (in  conjunction  with 
XXVin  COSPAR  Meeting),  The  Hague,  The  Netherlands,  23  June  -5  July  1990.  Presented  by 
D.F.  Webb. 

4.  Gentile,  L.C.,  M.A.  Shea,  and  D.F.  Smart,  Compiling  a  Computerized  Database  of  Solar 
Relativistic  Proton  Data  for  the  Ground-Level  Enhancements  of  Solar  Cycle  22,  1990  Fall 
Meeting  of  the  American  Geophysical  Union,  San  Francisco,  California,  3-7  December  1990. 
Abstract  published  in  EOS,  Transactions,  AGU,  71, 43,  p.  1514,  October  23,  1990.  Presented  by 
L.C.  Gentile. 

5.  Webb,  D.F.,  S.W.  Kahler,  K.L.  Harvey,  and  E.W.  Oliver,  The  Scale  Sizes  of  CMEs  and 
Associated  Surface  Activity,  21st  Solar  Physics  Division  Meeting  of  the  American  Astronomical 
Society,  Huntsville,  Alabama,  9-1 1  April  1991.  Presented  by  D.  Webb. 

6.  Smart,  D.F.,  M.A.  Shea,  Margaret  D.  Wilson,  and  L.C.  Gentile,  Preliminary  Analysis  of  the 
29  September  1989  High  Energy  Solar  Proton  Event  Using  the  World-Wide  Cosmic  Ray 
Network,  1991  Spring  Meeting  of  the  American  Geophysical  Union,  Baltimore,  Maryland,  28-31 
May  1991.  Abstract  published  in  EOS,  Transactions,  AGU,  72,  17,  p.  222,  April  23,  1991. 
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22.  Kahler,  S.,  Solar  Coronal  Structures  Following  Mass  Ejections,  First  SOLTIP  Symposium, 
Liblice,  Czechoslovakia,  30  September  -  5  October  1991.  Presented  by  S.  Kahler. 
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1992.  Presented  by  B.V.  Jackson. 
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53.  Webb,  D.F.,  B.V.  Jackson,  and  P.L.  Hick,  Geomagnetic  Storms  and  Heliospheric  CMEs  as 
Viewed  from  Helios,  Fall  Meeting  of  the  American  Geophysical  Union,  San  Francisco, 
California,  6-10  December  1993.  Presented  by  D.F.  Webb. 
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We  describe  the  use  of  Helios  2  zodiacal  light  photometer  data  to  identify,  classify,  and  determine 
the  characteristics  of  significant  white  light  transient  events  observed  in  the  interplanetary  medium. 
Data  from  the  north  ecliptic  pole  (+90®)  photometer  were  used  to  identify  transient  flux  increases 
which  are  interpreted  as  plasma  “clouds”  of  Thomson-scattered  radiation  from  electrons  which 
enveloped  the  spacecraft  or  passed  north  of  it.  A  subset  of  these  events  was  classified  by  examining 
the  lower-latitude  Helios  photometers  to  determine  the  temporal  evolution  and  spatial  extent  of  each 
event.  We  also  examined  the  in  situ  plasma  and  magnetic  field  data  during  the  time  of  the  white  light 
events.  Both  the  white  light  and  in  situ  data  sets  were  used  to  study  the  characteristics  of  heliospheric 
white  light  transients  during  a  4-year  period  from  solar  minimum  (1976)  to  solar  maximum  (through 
1979).  Eighty  percent  of  the  classified  transient  events  moved  progressively  outward  from  the  Sun  to 
the  east  and/or  west  of  the  Helios  spacecraft  and  were  classified  as  solar  coronal  mass  ejections 
(CMEs).  We  determined  the  frequency  of  occurrence  of  these  CMEs  and  found  that  they  increased  by 
at  least  an  order  of  magnitude  from  solar  minimum  to  maximum.  In  1979,  most  of  the  Helios  events 
were  found  to  be  associated  with  major  CMEs  observed  near  the  Sun  by  the  Sol^nd  coronograph.  We 
used  the  photometers  to  determine  the  brightnesses,  durations,  outward  speeds,  and  scale  sizes  for 
each  of  the  heliospheric  mass  ejections.  The  average  CME  had  a  brightness  increase  of  2.3  SIO  units 
in  the  90®  photometer.  It  had  an  average  duration  of  37  hours  and  speed  «500  km/s,  implying  a  radial 
“flow”  dimension  of  —0.4  AU,  and  a  longitudinal  width  near  the  Sun  of  =50®.  These  results  suggest 
that  typical  heliospheric  CMEs  have  large  dimensions,  encompassing  large  volumes  and  supplying 
significant  amounts  of  mass  to  the  inner  heliosphere,  especially  around  the  solar  activity  maximum. 
Because  of  their  large  size  and  our  selection  criteria,  nearly  all  of  the  white  light  transients  were 
detected  at  the  spacecraft  as  in  situ  density  enhancements.  Most  were  also  associated  with  significant 
enhancements  and  rotations  of  the  interplanetary  magnetic  field,  and  many  showed  evidence  for  the 
passage  of  “magnetic  clouds.”  About  half  were  associated  with  fast  MHD  shocks.  A  small  subset 
(27%)  of  the  white  light  events  showed  evidence  of  corotation  from  east  to  west  in  the  lower-latitude 
photometers  and  may  represent  the  detection  of  coronal  streamers  in  the  interplanetary  medium. 


1.  Introduction 

Coronal  mass  ejections  (CMEs)  from  the  Sun  are  now 
considered  to  be  an  important  aspect  of  the  physics  of  the 
corona.  CMEs  are  also  important  to  our  understanding  of 
heliospheric  disturbances  because  they  can  involve  the 
injection  of  significant  amounts  of  mass  and  energy  into  large 
volumes  of  the  interplanetary  medium.  CMEs  may  also 
provide  a  key  link  between  geomagnetic  effects  such  as 
storms  and  supposedly  independent  classes  of  “geoeffec¬ 
tive”  solar  activity.  For  instance,  most,  if  not  ail  transient 
interplanetary  shocks  are  associated  with  energetic  CMEs 
[Sheeley  et  al.,  1985;  Cane  et  al,y  1987],  Solar  energetic 
protons,  which  often  accompany  geomagnetic  storms,  are 
probably  accelerated  in  the  coronal  shocks  associated  with 
CMEs  [Kahler  et  al.,  1978].  Also,  erupting  prominences  and 
large  optical  and  X  ray  flares  are  well  associated  with  CMEs 
(see  Kahler  [1987]  for  a  review). 

CMEs  have  been  well  studied  near  the  Sun  (<10  R^)  by 
Earth-orbiting  coronagraphs  operating  at  high  cadences  pro¬ 
ducing  images  of  white  light  emission  due  to  Thomson- 
scattered  electron  radiation  [e.g.,  Kahler,  1987;  Hand- 
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hausen,  1988].  Spacecraft  nearer  the  Sun  and  not  in  Earth 
orbit  have  recently  provided  in  situ  evidence  of  the  propa¬ 
gation  of  CMEs  as  they  move  outward  from  the  Sun  [e.g.. 
Dryer  et  al.,  1982;  Burlaga  et  aL,  1982;  Sheeley  et  al.,  1985]. 
Earth-based  remote  sensing  techniques  such  as  interplane¬ 
tary  scintillation  [Watanabe  and  Kakinuma,  1984;  Woo  et 
aL,  1985]  and  kilometric  type  II  data  [Cane,  1985]  also  detect 
plasma  disturbances  at  large  distances  from  the  Sun.  But 
these  observations  contain  limited  spatial  information  and 
are  only  indirectly  sensitive  to  electron  density  and  therefore 
mass.  Our  knowledge  of  the  manifestations  and  effects  of 
CMEs  in  the  heliosphere  remains  very  uncertain.  Even  near 
the  Sun  the  three-dimensional  shapes  and  line-of-sight  posi¬ 
tions  of  CMEs  are  ambiguous  from  coronagraph  observa¬ 
tions  alone,  and  their  characteristics  farther  out  are  poorly 
known.  Our  knowledge  of  the  geometry  of  CMEs  is  so  crude 
that  after  15  years  of  coronagraph  observations  we  still  do 
not  know  whether  CMEs  emerge  from  the  Sun  primarily  as 
planar  loops  or  spherical  bubbles  [Kahler,  1987;  Webb, 
1988]. 

The  Helios  zodiacal  light  photometers  measured  bright¬ 
ness  variations  globally  around  the  spacecraft  with  varying 
spatial  resolution.  Richter  et  al.  [1982]  first  described  the  use 
of  these  data  to  follow  plasma  ejections  detected  by  electron 
scattering  out  to  90®  solar  elongation  and  beyond.  More 
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recently,  Jackson  and  colleagues  [t.g.,  Jackson,  1985;  Jack- 
son  et  al.,  1985,  1988;  MaCabe  et  al.,  1986]  have  used  the 
Helios  photometer  data  to  study  the  gross  features  of  a 
number  of  individual  mass  ejections  within  the  spacecraft 
orbits  from  0,3  to  I  AU.  Most  of  these  studies  involved 
events  observed  in  1979  and  1980  when  they  could  be 
directly  compared  with  coronagraph  images  of  CMEs  near 
the  Sun.  Because  the  Helios  spacecraft  orbited  the  Sun 
inside  of  1  AU,  the  photometer  experiments  viewed  helio¬ 
spheric  events  from  a  unique  perspective  which,  when 
combined  with  Earth-based  and/or  other  spacecraft  data, 
could  better  determine  the  three-dimensional  structure  and 
mass  content  of  the  events.  Polarization  data  obtained  with 
the  photometer  experiments  are  also  potentially  useful  in 
determining  structural  dimensions  but  were  not  used  in  our 
study. 

In  this  study  we  performed  a  comprehensive  survey  of  all 
electron  plasma  events  detected  above  a  given  threshold  by 
the  Helios  2  photometers.  These  photometers  pointed  north 
of  the  ecliptic  plane,  whereas  the  Helios  1  photometers 
pointed  south.  The  Helios  2  experiment  operated  for  nearly 
four  consecutive  years  from  early  1976  to  the  end  of  1979 
during  a  long  gap  in  conventional  coronagraph  observations 
between  Skylab,  which  ceased  operations  in  January  1974, 
and  Solwind  which  began  observations  in  March  1979.  The 
major  goals  of  this  study  were  to  use  these  data  as  a  way  of 
identifying  coronal  mass  ejections  in  the  interplanetary  me¬ 
dium,  to  establish  their  heliospheric  characteristics  and 
compare  them  with  those  of  CMEs  observed  near  the  Sun, 
and  to  determine  the  frequency  of  occurrence  of  CMEs 
during  the  long  gap  in  coronagraph  coverage. 

We  note  in  passing  that  our  use  of  the  term  “CME”  is 
generic.  It  is  clear  from  this  and  previous  studies  that  the 
Helios  photometers  are  sensitive  to  Thomson-scattered 
photospheric  radiation  from  massive  ejections  of  material 
from  the  solar  atmosphere.  However,  we  are  not  sure  that 
this  material  is  entirely  coronal  in  origin.  In  addition,  the 
generation  of  interplanetary  shock  waves,  expansion,  and 
other  forms  of  interaction  of  this  material  with  the  ambient 
solar  wind  undoubtedly  transform  it  on  its  journey  through 
the  heliosphere.  Although  we  would  prefer  a  more  general 
term  such  as  “solar  mass  ejection”  to  describe  the  helio¬ 
spheric  manifestations  of  these  events,  here  we  will  follow 
convention  and  refer  to  these  events  as  coronal  mass  ejec¬ 
tions. 

Other  than  CMEs  and  interplanetary  dust,  possible 
sources  of  interplanetary  white  light  enhancements  include 
corotating  structures  possibly  related  to  coronal  streamers 
(B.  V.  Jackson,  Helios  spacecraft  photometer  observations 
of  elongated  rotating  structures  in  the  interplanetary  me¬ 
dium,  submitted  to  Journal  of  Geophysical  Union,  1990) 
shock-related  compression  regions  [Jackson,  1986],  comets 
[Jackson  and  Benensohn,  1990],  and  density  enhancements 
at  sector  boundaries  (this  paper).  As  the  references  indicate, 
possible  detections  of  these  phenomena  have  now  been 
made  using  the  Helios  photometers  data.  For  the  initial 
selection  of  events  we  used  flux  time  series  plots  obtained 
only  with  the  +90°  photometer,  which  always  pointed  at  the 
north  ecliptic  pole.  This  method  was  chosen  to  minimize  the 
background  contribution  and  confusion  arising  from  com¬ 
plex  events  occurring  near  the  ecliptic  plane.  Because  of  the 
other  potential  sources  of  interplanetary  white  light  enhance¬ 
ments,  we  then  used  the  lower-latitude  photometer  time 


series  data  during  a  majority  of  the  90°  events  to  classify 
them  in  terms  of  their  temporal  evolution  and  spatial  extent 
outward  from  the  Sun.  We  found  that  80%  of  these  events 
could  be  classified  as  coronal  mass  ejections  and  their  basic 
characteristics  determined.  We  also  found  that  during  1979 
most  of  the  Helios  events  we  classified  as  CMEs  could  be 
associated  with  Solwind  CMEs  near  the  Sun  at  an  earlier 
time  and  that  the  annualized  occurrence  rate  of  the  Helios 
CMEs  agreed  favorably  with  that  of  the  Solwind  CMEs. 

In  section  2  we  describe  the  characteristics  of  the  Helios 
zodiacal  light  experiment  important  for  our  study,  and  in 
section  3  we  discuss  our  methods  of  selecting  and  analyzing 
the  data.  The  results  are  summarized  in  section  4  in  terms  of 
a  statistical  analysis  of  the  white  light  events,  determination 
of  some  of  the  basic  characteristics  of  the  subset  of  the 
events  classified  as  CMEs,  and  a  summary  of  a  study  of  the 
characteristics  of  the  in  situ  solar  wind  plasma  and  magnetic 
field  data  during  the  times  of  the  white  light  events.  In 
section  5  we  summarize  the  results  and  discuss  our  conclu¬ 
sions. 

2,  Instrumental  Background 

The  Helios  2  spacecraft,  launched  in  January  1976,  was 
fitted  with  three  zodiacal  light  photometers  originally  in¬ 
tended  to  measure  the=distribution  of  dust  in  the  interplane¬ 
tary  medium  between  the  Sun  and  the  Earth  [Leinert  et  al., 
1975,  1981^2].  However,  these  photometers  can  also  be  used 
to  measure  the  variations  of  brightness  produced  by  large- 
scale  differences  in  the  interplanetary  electron  content.  The 
three  Helios  photometers  were  fixed  on  the  spacecraft  and 
rotated  at  its  1  s  spin  period  on  an  axis  perpendicular  to  the 
plane  of  the  ecliptic;  they  pointed  16°,  31°,  and  90°  north  of 
the  ecliptic  plane  and  had  apertures  of  1°,  2°,  and  3°, 
respectively.  Data  from  the  16°  and  31°  photometers  were 
binned  into  32  longitude  sectors  at  constant  ecliptic  latitude, 
relative  to  the  spacecraft,  around  the  sky.  The  16  sectors 
within  45°  of  the  Sun  subtended  angles  of  5.6°  in  ecliptic 
longitude;  angles  of  11.2°  and  22.4°  were  formed  for  sectors 
at  more  distant  longitudes.  The  spacecraft  photometer  data 
were  integrated  over  an  8.6-min  period  in  turn  from  each  of 
the  three  photometers  through  a  set  of  broadband  ultravio¬ 
let,  blue,  and  visual  light  and  polarizing  filters,  with  a  time 
interval  of  5.2  hours  between  similar  filter  sequences.  The 
Helios  photometry  was  stable  with  time  over  several  years 
and  could  be  calibrated  to  about  5%  in  absolute  intensity 
[Leinert  et  aL,  198  lu].  The  zodiacal  light  was  found  to  be 
constant  at  this  level  and  was  described  quantitatively  by 
Leinert  et  al.  [1981Z?].  Relative  comparisons  of  data  over 
short  intervals  of  time  are  far  more  precise.  The  photometer 
intensities  are  calibrated  in  SIO  units.  One  SIO  corresponds 
to  the  intensity  of  one  solar  type  star  with  a  V  magnitude  of 
10  per  square  degree.  The  best  observations  of  the  back¬ 
ground  noise  indicate  that  over  short  intervals  of  a  few  days 
the  photometer  observations  were  accurate  to  better  than  1 
SIO  unit  [Jackson,  1988]. 

Residual  brightness  variations  can  be  studied  after  the 
zodiacal  light  and  stellar  contributions  have  been  removed 
from  the  photometer  data.  Richter  et  al.  [1982]  showed  that 
these  variations  are  caused  primarily  by  discrete  changes  in 
the  electron  density,  which  they  called  plasma  clouds,  in  the 
interplanetary  medium.  By  combining  observations  from 
each  photometer  sector  interpolated  at  a  given  instant  in 
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Fig.  la.  Three-dimensional  Sun-centered  schematic  view  of  the 
Earth,  Sun,  and  Helios  2  spacecraft  configuration.  The  ecliptic 
celestial  sphere  around  the  Helios  2  spacecraft  is  depicted  and  the 
positions  of  the  photometer  sector  centers  (dots)  within  45®  solar 
elongation  are  shown.  The  schematic  has  lines  of  sight  from  the 
spacecraft  drawn  through  one  of  the  16®  photometer  sector  centers 
and  through  the  Helios  spacecraft  zenith  (the  90®  photometer). 


time,  these  data  can  be  used  to  form  images  of  the  plasma  in 
the  heliosphere  in  a  way  similar  to  the  images  obtained  from 
Earth-orbiting  coronagraphs.  Because  the  Helios  spacecraft 
orbited  the  Sun,  not  the  Earth,  these  data  have  serendipi- 
tously  provided  a  unique  stereoscopic  view  of  an  entire 
hemisphere  of  the  inner  heliosphere. 

Figure  la  depicts  the  three-dimensional  configuration  of 
the  Earth,  Sun,  and  the  direction  to  the  centers  of  the 
photometer  sectors  at  one  position  in  the  Helios  2  spacecraft 
orbit.  Figure  lb  gives  the  spatial  coverage  of  the  Helios  2 
photometers  within  90®  of  the  Sun  as  viewed  from  the 
spacecraft.  The  Helios  photometer  data  are  available  on 
computer  tapes  from  the  National  Space  Science  Data 
Center  (NSSDC).  An  image  processing  system  developed  at 
the  University  of  California  at  San  Diego  to  access  these 


Fig.  \b.  View  of  the  spatial  photometer  coverage  near  the  Sun 
as  observed  from  the  Helios  2  spacecraft.  In  this  view,  the  Sun  is 
centered  on  the  ecliptic  plane  depicted  as  the  horizontal  straight 
line.  Semicircles  denote  angles  of  constant  elongation  from  the  Sun 
out  to  90®.  Photometer  sector  areas  at  16®  and  31®  arc  depicted  by  the 
boxes,  with  the  photometer  sector  centers  marked  by  dots  as  in 
Figure  la.  The  90®  photometer  which  points  directly  to  the  space¬ 
craft  zenith,  the  north  ecliptic  pole,  is  marked  at  the  top  by  the  3® 
circle. 


data  constructs  images  of  the  interplanetary  medium  by 
contouring  the  residule  brightness  variation  around  the 
spacecraft  in  terms  of  columnar  density  (see  Jackson  and 
Leinert  [1985]  and  Jackson  [1985]  for  summaries  of  this 
imaging  technique). 

These  Helios  images  have  been  used  to  trace  the  extent  of 
CMEs  as  they  propagate  outward  into  the  interplanetary 
medium  over  periods  of  days.  Also  present  in  these  images 
are  persistent  elongated  features  that  extend  outward  from 
the  Sun  and  move  systematically  with  time  from  solar  east  to 
west  [Jackson,  1990].  These  latter  features  can  generally  be 
traced  to  the  heliospheric  current  sheet,  and  for  a  few 
corresponding  observations,  to  coronal  streamers  observed 
by  the  Solwind  coronagraph.  Thus  information  about  both 
coronal  mass  ejections  and  the  corotating  structures  of  the 
heliosphere  exists  in  the  Helios  data. 

3.  Selection  Criteria  and  Data  Analysis  of 
Photometer  Events 

3.1.  Selection  of  90°  Photometer  Events 

For  the  initial  selection  of  white  light  events  we  limited  our 
search  to  data  obtained  only  with  the  Helios  2+90®  photom¬ 
eter.  We  chose  this  method  because  the  star  and  dust 
background  were  minimal  and  constant  for  this  photometer 
[Richter  et  al.,  1982],  and  we  could  avoid  the  problem  of 
interpreting  confusing  or  complex  phenomena  occurring 
near  the  ecliptic  plane,  especially  near  the  maximum  epoch 
of  solar  activity.  A  limitation  of  this  method  is  that  we  could 
only  select  those  transients  which  intersected  or  passed  to 
the  north  of  the  spacecraft,  i.e.,  those  which  were  aimed  in 
its  general  direction.  With  this  criterion  we  will  miss  events 
which  passed  entirely  south  of  or  at  large  near-ecliptic 
elongations  from  the  spacecraft. 

The  Helios  2  90®  photometer  data  are  available  in  strip 
chart  form  for  the  duration  of  the  experiment  lifetime 
(through  the  end  of  1979).  These  data  have  had  the  zodiacal 
light  contribution  removed  through  use  of  an  appropriate 
empirical  model  of  its  distribution  [Leinert  et  aL,  1981^]  and 
are  normalized  to  the  brightness  expected  of  Thomson- 
scattered  light  at  1  AU-  Richter  et  al.  [1982]  show  such  time 
series  plots  for  three  orbits  of  Helios  2  in  their  Figure  3. 
These  charts  form  a  unique  data  base  with  which  to  do 
comparative  studies  of  interplanetary  plasma  events,  pre¬ 
sumably  mostly  coronal  mass  ejections,  which  occurred 
during  the  spacecraft  lifetime.  In  Figure  2  we  present  exam¬ 
ples  of  the  time  series  from  the  90®  photometer  for  two 
spacecraft  orbits  in  1977  and  1978.  These  show  the  normal¬ 
ized  white  light  intensity  in  SIO  units  plotted  as  a  function  of 
the  spacecraft  orbital  position  in  heliocentric  longitude.  The 
events  which  we  selected  for  further  analysis  are  shown  for 
each  orbit  numbered  in  time  sequence.  As  stated  earlier,  the 
basic  time  resolution  of  these  data  is  5.2  hours.  This  cadence 
is  more  apparent  in  the  enlarged  portion  at  the  bottom  of 
Figure  2,  where  longitude  has  been  converted  to  time. 

We  established  a  set  of  criteria  that  was  used  to  select 
significant  brightness  enhancements  from  the  90®  orbital 
plots  for  further  study.  We  excluded  brightness  enhance¬ 
ments  or  dropouts  consisting  of  a  single  5.2-hour  data  point, 
such  as  those  labeled  by  Leinert  as  being  instrumental  in 
nature.  These  included  attitude  maneuvers,  transmission 
errors,  and  dark  current  anomalies.  Others  were  likely 
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Fig.  2.  White  light  intensity  (in  S 10  units)  time  series  through  the  blue  filter  of  the  90"  Helios  2  photometer  for  orbits 
4  and  5.  The  events  which  were  selected  for  further  study  are  marked  on  the  top  plots  for  each  orbit  numbered  in  the 
sequence  in  which  they  occurred.  The  period  of  each  orbit  of  the  Helios  2  spacecr^  was  186  days,  or  about  two  orbits 
per  year.  In  this  plot  of  equal  intervals  of  spacecraft  heliocentric  longitude,  the  fixed  rate  photometer  data  points  have 
greater  spacing  near  perihelion  (center)  than  near  aphelion  (left  and  right  sides).  The  expected  contribution  due  only  to 
the  zodiacal  light  model  of  Richter  et  al.  [1982]  is  shown  as  the  horizontal  straight  line  on  the  plots.  There  are  several 
examples  of  instrumental  anomalies  on  these  plots  which  we  removed.  The  first  peak  on  orbit  5  is  a  transmission  error 
and  the  single  dips  at  —50"  on  orbit  4  and  at  —140"  on  orbit  5  are  dark  current  anomalies.  An  enlargement  of  one  portion 
of  the  photometer  time  series  through  the  V  filter  for  orbit  5  is  shown  at  the  bottom,  where  longitude  has  been  converted 
to  time  (day  of  year). 


caused  by  instrumental  glitches  or  particle  events,  which  are 
clearly  detectable  as  large  enhancements  in  the  9-min  time 
resolution  data  [e.g.,  Leinert  et  aL,  1981a].  We  selected  all 
events  which  exhibited  distinct  rise  and  fall  flux  profiles 
consisting  of  two  or  more  data  points  (a  time  duration  of  at 
least  10.5  hours).  Events  with  peak  brightness  <1.0  SIO  unit 
above  background,  normalized  to  1  AU,  are  easily  discern- 
able  on  these  plots.  Our  effective  brightness  threshold  was 
about  1.0  SIO  unit,  the  lowest  enhancement  shown  in  Table 
1.  The  typical  event  profile  (Figure  2,  bottom)  exhibited  a 
gradual  rise  and  fall  signature  of  1  to  2  days  duration  lying 
atop  much  more  gradual,  longer-term  orbital  variations, 
which  were  probably  due  to  small  deviations  from  the  planar 
dust  model  used  [e.g.,  Richter  et  aL,  1982].  Although  this 
initial  selection  of  events  was  somewhat  subjective,  their 
existence,  peak  brightnesses,  and  durations  were  later  con¬ 
firmed  and  accurately  determined  from  the  actual  data  tapes 
(see  next  section). 

In  this  manner,  a  list  of  70  Helios  2  90®  photometer  events 
was  compiled  from  the  eight  orbits  (4  years)  of  photometer 
operation  from  January  1976  through  December  1979.  For 


each  event  the  ecliptic  longitudes  of  the  onset,  peak  and  end 
points  and  the  peak  brightness  above  the  average  preevent 
background  were  recorded.  The  event  longitudes  were  then 
converted  to  time  in  units  of  the  day  of  the  year  (DOY),  and 
the  event  duration  calculated, 

3.2.  Selection  and  Analysis  of  Events 

Using  Lower-Latitude  Photometers 

To  classify  the  transient  plasma  events  and,  in  particular, 
to  identify  those  that  were  coronal  mass  ejections,  it  was 
necessary  to  examine  the  lower  photometer  data  to  deter¬ 
mine  the  overall  temporal  evolution  and  spatial  extent  of 
each  event.  Appropriately  reduced,  time'^-series  intensity 
plots  for  all  three  photometers  were  the  primary  data  used  to 
determine  the  class  of  event  responsible  for  the  brightness 
enhancement  at  90°.  Occasionally,  sequential  contour  im¬ 
ages  were  used  in  the  interpretation  of  a  given  event.  Such 
events  were  nearly  always  found  to  be  either  CMEs  or  bright 
regions  corotating  with  the  Sun. 


TABLE  1.  Helios  2  90®  Photometer  Classified  Events  and  in  Situ  Associations 
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To  be  classified  as  a  mass  ejection,  an  event  must  move 
progressively  outward  from  the  Sun.  Thus  in  the  Helios  view 
it  would  have  to  appear  first  in  the  photometer  viewing  16° 
ecliptic  latitude,  then  successively  later  in  the  31°  and  90° 
photometers  (refer  to  Figure  1).  The  speeds  represented  by 
the  successive  time  delays  also  had  to  be  reasonable  (i.e., 
hours  to  several  days).  Typically,  mass  ejections  could  be 
observed  in  the  lower  photometers  to  move  outward  simul¬ 
taneously  both  to  the  east  and  west  of  the  Sun  prior  to 
reaching  the  90°  photometer  field  of  view.  Corotating  regions 
were  identified  as  structures  which  moved  at  roughly  the 
solar  rotation  rate  progressively  from  east  to  west  of  the  Sun 
before  and  after  passing  through  the  90°  photometer  view. 
Operationally,  this  distinction  was  usually  easily  made  by 
observing  on  the  sector  time  series  plots  of  each  photometer 
whether  the  peak  brightness  of  an  event  occurred  at  the 
same  time  in  each  sector  (a  mass  ejection),  or  at  successively 
later  times  in  more  westward  sectors  (a  corotating  region). 

Each  month  of  reduced  Helios  2  photometer  data  are 
available  on  one  tape  from  Goddard  Space  Right  Center 
(GSFC);  there  are  a  total  of  43  such  tapes.  Since  the 
processing  of  these  tapes  is  very  time  consuming,  we  re¬ 
duced  the  data  from  only  a  small  number  of  them  for  56  of 
the  70  90°  events  that  were  representative  of  the  sample  over 
the  eight  spacecraft  orbits.  These  reduced  data  were  then 
edited  to  place  straight-line  baselines  through  the  time  se¬ 
ries,  and  the  16°  and  31°  photometer  time  series  displayed  for 
approximately  8-day  stretches  of  the  data  [see  Jackson, 
1985].  Data  for  each  event  were  analyzed  using  the  three 
Polaroid  and  clear  filters  in  the  visual  waveband,  whenever 
available,  beginning  -^5  days  before  the  event  onset  at  ^° 
(the  90°  time  series  data  centered  on  the  event  interval  were 
similarly  reduced  and  displayed). 

Figures  3  and  4  illustrate  the  kinds  of  data  displays  we 
used  to  identify  and  classify  the  two  main  types  of  90° 
photometer  plasma  events;  solar  coronal  mass  ejections 
(CMSs)  and  corotating  structures  (CRSs).  Figure  3  presents 
“stack”  plots  of  uncorrected  photometer  brightness  as  a 
function  of  day  of  year  during  the  passage  of  a  CME  (Figure 
3a)  and  a  CRS  (Figure  3b),  For  illustration,  we  have  plotted 
only  the  unpolarized  visual  light  brightness,  although  all  of 
the  filter  data  were  available  and  were  displayed  on  our 
working  plots.  At  the  top  right  of  each  figure  are  shown  the 
time  series  data  for  the  90°  photometer,  and  at  the  bottom 
right"  and  left  are  selected  individual  sectors  for  the  31°  and 
16°  photometers,  respectively.  The  solar  elongations  of  these 
lower  photometer  sectors  are  indicated,  and  their  positions 
on  the  Helios  image  plane  can  be  determined  by  reference  to 
Figure  \b.  Vertical  arrows  on  each  panel  indicate  the  times 
of  maximum  brightness  in  each  photometer  set. 

Figure  4  shows  representative  contour,  “fisheye”  images 
of  the  same  two  events.  The  data  used  in  the  contour 
program  are  the  brightness  versus  position  values  at  each 
sector  center,  which  are  shown  by  the  small  crosses.  Since 
there  is  only  the  single  data  point  at  +90°,  the  space  above 
the  ecliptic  latitude  of  31°  is  grossly  undersampled.  How¬ 
ever,  below  this  latitude  the  spatial  coverage  is  relatively 
complete;  therefore  such  images  provide  a  useful  method  of 
viewing  the  propagation  of  solar-initiated  interplanetary  dis¬ 
turbances.  Details  on  the  contouring  program  and  other 
examples  can  be  found  in  the  referenced  papers  by  Jackson 
and  colleagues. 


a) 


90* 

PHOTOMETER 


DATE  (APRIL  1978) 


Fig.  3a.  Time  series  intensity  plots  for  the  mass  ejection  of 
April  S-IO,  1978,  for  the  Helios  2  16®,  31®,  and  90®  photometers.  The 
plot  ordinates  are  in  SIO  units  with  zero  intensity  denoted  by  the 
horizontal  dotted  lines.  The  stacked  plots  for  the  16®  and  31® 
photometers  are  the  time  series  for  individual  sectors  proceeding 
from  east  (+)  to  west  (—)  of  the  Sun  (see  Figure  \b).  The  ecliptic 
longitude  in  degrees  of  the  center  of  each  sector  relative  to  the  Sun 
are  labeled  on  each  graph.  The  short  vertical  bars  mark  the  times  of 
intensity  data.  The  vertic^  arrows  indicate  the  best  estimate  of  the 
time  of  maximum  intensity  of  the  mass  ejection  in  each  photometer 
set. 


The  CME  shown  in  Figures  3a  and  4a  exemplifies  several 
typical  characteristics  of  the  plasma  clouds  we  identified.  As 
expected  for  material  propagating  rapidly  outward  from  the 
Sun,  the  CME,  as  traced  most  easily  by  the  times  of  peak 
brightness  (Figure  3a — arrows),  was  observed  earliest  in  the 
16°  sectors,  then  later  in  the  31°  and  90°  photometers.  Its 


b)  90" 

PHOTOMETER 


Fig.  3b.  Time  series  plots  as  in  Figure  3a  for  the  corotating 
region  of  April  15-20.  1979,  The  vertical  arrows  denote  the  best 
estimates  of  the  time  of  passage  of  the  region  centroid  in  individual 
photometer  sectors.  Note  the  intensity  scale  change  as  the  solar 
elongation  changes.  Only  the  western  sectors  are  shown  here, 
because  a  CME,  not  clearly  visible  here,  was  also  detected  in  the 
lower  photometers  along  or  just  east  of  the  Sun-spacecraft  direction 
and  obscured  the  data. 


So 
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Fig,  4a.  Helios  2  contour  images  in  the  same  format  as  Figure  \b  showing  the  evolution  of  the  coronal  mass  ejection 
of  April  8-10,  1978  (Figure  3a).  In  this  presentation  the  Sun  is  centered  and  various  solar  elongations  labeled  on  the 
abcissa  in  degrees  form  semicircles  above  the  ecliptic  plane,  i.e.,  the  horizontal  line.  The  position  of  the  Earth  is  marked 
and  the  lilt  angle  of  the  solar  north  pole  is  indicated  by  the  short  line  segment  crossing  90®  elongation.  Positions 
of  the  photometer  sector  centers  are  marked  by  small  dots.  Electron  columnar  density  is  contoured  in  levels  of  3  x  10^^ 
cm"^  increasing  from  a  base  level  of  2  x  10^^  cm"^  Negative  contours  below  2  cm“^  are  dotted.  The  times 
shown  are  when  the  31®  photometer  measurements  were  obtained.  Data  from  the  16®  and  90®  photometers  are 
interpolated  to  the  times  indicated.  The  small  Sun-centered  displays  to  the  upper  left  of  the  images  at  0207  and  1357  UT 
indicate  the  relative  locations  of  the  Earth,  Sun,  and  Helios  2  spacecraft. 


position  as  a  function  of  time  in  a  given  photometer  was 
relatively  constant.  The  speed  of  550  km/s  derived  for  this 
event  based  on  travel  time  between  the  31°  and  90°  photom¬ 
eter  elevations,  and  its  flow  duration  of  1.5  days  were  typical 
of  the  CMEs  in  our  study.  Also,  some  of  the  CME  material 
intersected  the  spacecraft  where  the  90°  photometer  mea¬ 
sured  its  electron-scattered  brightness  as  integrated  along 
the  line  of  sight  above  the  spacecraft.  Its  primary  in  situ 
signatures  at  the  spacecraft  were  density  and  magnetic 
enhancements,  also  typical  of  these  events,  and  a  preceding 
fast  shock.  The  images  in  Figure  4a  demonstrate  that  the 
CME  moved  out  to  the  north  of  the  Sun,  with  the  larger 
amount  of  material  appearing  to  the  northeast. 

The  corotating  structure  shown  in  Figures  3b  and  4b 
illustrates  several  typical  characteristics  of  this  class  of 
event.  As  viewed  in  projection  by  Helios,  these  events  could 


be  as  bright  and  wide  as  the  CMEs,  although  the  best 
observed  CRSs  were  elongated  radially  outward  from  the 
Sun  and  tended  to  be  narrower.  Their  salient,  distinguishing 
characteristic  on  the  stack  plots  (Figure  3^?)  is  a  uniform 
progression  in  time  of  the  bright  core  to  successively  west¬ 
ward  sectors  in  a  given  photometer.  We  have  shown  only  the 
western  (negative)  sectors  for  this  event,  because  a  CME 
obscured  the  CRS  near  the  Sun.  However,  all  of  the  events 
we  identified  as  CRSs  were  observed  first  east  then  west  of 
the  Sun  and  therefore  could  not  be  mistaken  for,  say, 
off-limb  CMEs.  This  characteristic  movement  is  as  expected 
for  a  streamerlike  structure  rooted  at  the  Sun  and  rotating 
with  it  from  east  to  west  [e.g.,  Jackson,  1990].  When  these 
structures  swept  by  the  spacecraft,  they  were  typically 
associated  in  situ  with  density  enhancements  and  rotations 
of  the  interplanetary  magnetic  field  (IMF). 


Fig.  4b,  Helios  2  contour  plots  as  in  Figure  4a  showing  the  elongated  corotating  region  of  April  15-20,  1979,  shown 
in  Figure  3b.  Arrows  depict  the  feature  at  the  two  times  displayed  as  images  demonstrating  the  projection  effect  of  a 
relatively  stationary  structure  corotating  with  the  Sun. 
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3.3.  Comparative  Analysis  of  in  situ  Solar  Wind  Data 
During  the  Photometer  Events 

We  also  examined  the  in  situ  solar  wind  plasma  and  IMF 
data  from  Helios  2  and,  occasionally  Helios  1,  during  the 
time  intervals  of  the  90°  photometer  white  light  events.  Our 
purpose  was  to  discover  how  many  of  the  white  light  events, 
which  were  viewed  remotely,  actually  intersected  the  space¬ 
craft  and  what  their  characteristic  signatures .  in  the  solar 
wind  were.  In  particular,  we  searched  for  features  which 
have  been  considered  as  possible  signatures  of  coronal  mass 
ejections  in  the  solar  wind,  such  as  density  enhancements, 
fast  shocks,  shock  driver  gas,  magnetic  clouds,  and  IMF 
magnitude  enhancements  and/or  rotations  [Gosling,  1990]. 
We  also  noted  when  the  spacecraft  crossed  sector  bound¬ 
aries.  The  primary  data  we  used  were  l-hour  averages  of  the 
Helios  plasma  and  IMF  data  through  1980  that  are  available 
on  a  tape  from  the  NSSDC.  The  plasma  data  are  from  the 
plasma  analyzer  of  the  Max-Planck  Institute  branches  at 
Garching  and  Lindau,  Federal  Republic  of  Germany 
[Schwenn,  1983].  The  IMF  data  are  from  the  fluxgate  mag¬ 
netometers  of  the  Institut  fur  Geophysik  und  Meteorologie 
der  Technischen  Universitat  Braunschweig,  Federal  Repub¬ 
lic  of  Germany,  and  the  University  of  Rome  and  GSFC 
[Mariani  et  al.,  1987],  The  Helios  shock  data  are  from  a 
preliminary  list  of  fast  forward  shocks  provided  courtesy  of 
R.  Schwenn  (private  communication,  1986);  a  description  of 
a  subset  of  these  shocks  was  published  by  Volkmer  and 
Neubauer  [1985]. 

We  printed  out  the  hourly  averages  of  all  the  pertinent 
plasma  and  IMF  data  from  the  Helios  tape.  We  also  pro¬ 
duced  computer  plots  of  the  plasma  proton  number  density, 
temperature,  and  flow  speed  and  the  IMF  magnitude  and 
polar  and  azimuthal  angles  during  multiple-day  intervals 
encompassing  all  of  the  initial  70  90°  events.  We  then 
examined  the  solar  wind  data  during  each  of  the  white  light 
intervals  and  tabulated  the  occurrences  of  the  in  situ  tran¬ 
sient  phenomena  noted  above. 

We  selected  the  in  situ  features  of  interest  occurring 
during  the  white  light  intervals  as  follows.  Notable  density 
enhancements  were  defined  as  distinct  increases  in  the 
hourly  proton  number  density  having  amplitudes  above  the 
background  of  at  least  10  cm“^  (unnormaiized).  Most  of  the 
increases  were  much  larger  than  this.  Similar  increases  in  the 
IMF  magnitude  of  ^10  nT  were  recorded,  as  well  as  large 
and  systematic  (^50°)  rotations  of  the  IMF,  as  evidenced  by 
changes  in  either  or  both  of  its  polar  and  azimuthal  compo¬ 
nents.  We  defined  candidate  “magnetic  clouds”  [Klein  and 
Burlaga,  1982]  to  include  periods  of  smooth,  long-enduring 
(on  the  order  of  10  hours  or  more)  enhancements  in  the  IMF 
magnitude  associated  with  significant  field  rotations  in  one  or 
both  of  the  IMF  components.  Sector  boundary  crossings 
were  signified  by  an  abrupt  -^180°  swing  in  the  IMF 
component  and,  as  expected,  were  usually  accompanied  or 
followed  by  enhancements  in  both  the  density  and  IMF 
magnitude  [Hundhausen,  1972].  Finally,  we  also  noted  the 
occurrences  of  evidence  of  so-called  “driver  gas”  [e.g., 
Zwickl  et  ai.y  1983].  With  the  parameters  available  to  us  we 
defined  driver  gas  to  include  a  period  of  increased  B, 
increased  flow  speed,  decreased  temperature,  and,  possibly, 
the  characteristics  of  a  magnetic  cloud. 

Figure  5  provides  examples  of  the  solar  wind  data  during 
the  two  white  light  events  discussed  above  and  in  Figures  3 


and  4.  These  graphs  are  representative  of  the  kinds  of  in  situ 
signatures  we  found  for  the  two  primary  photometer  event 
classes,  CMEs  and  CRSs,  Figure  5  shows  the  important 
plasma  and  IMF  parameters  during  several  days  around  the 
time  intervals  of  the  photometer  events.  The  horizontal  bars 
on  the  density  panels  indicate  the  uncertainty  in  the  time  of 
the  white  light  peak  in  the  90°  photometer  data. 

Figure  5a  shows  the  solar  wind  data  during  the  interval  of 
passage  of  the  CME  of  8-10,  April  1978,  shown  in  Figures  3a 
and  4a.  At  the  time  of  the  peak  white  light  brightness  the  in 
situ  density  and  magnetic  field  increased  following  the  pas¬ 
sage  of  a  strong  shock.  The  IMF  enhancement,  which  had  a 
peak  amplitude  of  48  nT,  was  characteristic  of  a  magnetic 
cloud,  with  a  long-lived  increase  in  the  IMF  magnitude  from 
the  time  of  shock  passage  through  April  9  and  a  large, 
smooth  rotation  of  the  polar  angle,  from  April  9,  16  hours 
to  April  10,  3  hours.  This  event  also  exhibited  a  large 
rotation  of  the  B^  component  during  the  same  period.  A 
rotation  of  either  or  both  IMF  components  is  to  be  expected 
since  a  priori  there  is  no  reason  to  expect  the  loop(s) 
represented  by  the  cloud  or  CME  to  lie  in  any  preferred 
plane  with  respect  to  the  ecliptic.  The  passage  of  the  CME 
was  accompanied  by  a  rise  in  the  flow  speed  and  a  decrease 
in  the  proton  temperature,  which  is  also  characteristic  of  the 
passage  of  such  clouds  and  of  shock  driver  gas.  The  event 
followed,  but  is  separate  from  and  not  to  be  confused  with 
the  Helios  2  crossing  of  an  interplanetary  sector  boundary  at 
1600  UT  on  April  8. 

The  timing  of  the  enhancement  in  each  of  the  photometers 
and  the  in  situ  density  increase  and  shock,  and  the  abrupt¬ 
ness  of  the  white  light  increase  suggest  that  the  photometers 
detected  emission  from  the  region  of  compressed  plasma  at 
or  just  behind  the  shock  front.  Such  an  interpretation  has 
been  made  for  some  other  Helios  photometer  events  [Jack- 
son,  1986].  With  these  moderate  time  resolution  data  we 
cannot  distinguish  whether  such  abrupt  photometer  in¬ 
creases  are  due  to  the  shock-compressed  plasma  or  to  the 
CME/driver  gas  following  it.  However,  in  terms  of  identify¬ 
ing  a  CME  this  difference  is  academic,  since  nearly  ail 
transient  interplanetary  shocks  are  likely  driven  by  CMEs 
[Sheeley  et  aL,  1985;  Cane  et  aL,  1987]. 

The  solar  wind  data  during  the  time  interval  of  the  passage 
of  the  CRS  on  April  15-20,  1979,  illustrated  in  Figures  3b  and 
4b,  is  shown  in  Figure  5b.  This  figure  illustrates  the  Helios  2 
crossing  of  another  sector  boundary  after  0800  UT  on  April 
17.  The  90°  photometer  increase  was  double  peaked  with  the 
first  rise  occurring  in  the  compression  region  following  the 
crossing  and  accompanied  by  large  variations  inB^  and  B^. 
The  second  white  light  peak  was  associated  with  a  sharp 
peak  in  the  in  situ  density  and  possibly  a  small  magnetic 
cloud.  Both  of  the  density  increases  were  very  large.  No  fast 
shock  was  detected  during  this  period.  One  or  both  of  these 
peaks  were  likely  associated  with  the  CRS  and  possibly  a 
CME  detected  in  the  lower  photometers. 

4.  Results 

4, 1 .  Classification  of  the  White  Light  Events 

In  this  section  we  present  the  basic  results  of  our  analysis 
of  the  classification  and  characteristics  of  the  Helios  2  90° 
photometer  events.  We  place  particular  emphasis  on  the 
most  common  class,  that  of  coronal  mass  ejections. 
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Fig.  5a.  Helios  2  in  situ  solar  wind  data  during  the  time  interval  of  the  white  light  mass  ejection  of  April  8-10, 1978, 
viewed  remotely  from  Helios  at  0.51  AU  and  shown  in  Figures  3a  and  4a.  Plotted  from  top  to  bottom  are  1-hour 
averages  of  the  azimuthal  and  polar  components  and  the  amplitude  of  the  IMF,  the  plasma  proton  density,  and  the  flow 
speed.  The  horizontal  bar  on  the  density  panel  indicates  the  uncertainty  in  the  time  of  the  white  light  pe^  and  extends 
from  the  last  previous  photometer  observation  to  the  next  one  following  the  peak  value.  A  strong  shock  passed  the 
spacecraft  at  0716  UT  on  April  9  and  was  followed  by  a  long-lived  density  enhancement  and  a  magnetic  cloud,  signified 
by  the  long-lived  enhancement  of  the  IMF  amplitude  and  the  smooth  rotation  of  both  of  the  IMF  components.  The  time 
of  the  photometer  peak  was  coincident  within  the  uncertainties  with  these  in  situ  enhancements.  Note  the  sector 
boundary  crossing  at  1600  UT  on  April  8,  15  hours  before  the  shock  and  22  hours  before  the  white  light  peak.  It  is 
signified  by  the  abrupt  —180°  swing  in  and  the  first  density  enhancement. 


Table  1  is  a  summary  compilation  and  an  event  classifica¬ 
tion  for  the  56  events  which  satisfied  our  criteria  discussed 
earlier.  Reading  from  left  to  right,  the  data  are  presented  in 
seven  main  groups.  The  table  is  keyed  to  the  first  group,  the 
date  and  time  of  the  event  observed  with  the  90®  photometer. 
In  the  second  column  the  time  interval  from  the  onset  to  the 
end  of  the  90®  event  is  listed  by  day  of  year  (DOY).  All  times 
are  listed  in  decimal  parts  of  a  day.  In  the  next  three  groups 
we  list  the  peak  times  and  brightnesses  of  the  events 
successively  as  observed  in  each  of  the  photometers.  The 
brightnesses  {61)  are  in  SIO  units  above  the  preevent  back¬ 
ground  as  estimated  from  a  straight-line  fit  through  approx¬ 
imately  8-day  periods  of  the  data.  These  values  are  unnor- 

JS 


malized  for  distance  from  the  Sun  but  have  been  corrected 
for  zodiacal  light  and  star  background  (section  2). 

A  given  90®  event  may  be  associated  with  one  or  two 
distinguishable  lower  photometer  events.  If  there  were  two 
events  or  two  classes  of  events,  then  two  values  of  each 
parameter  may  be  listed  if  they  could  be  determined  sepa¬ 
rately.  A  range  of  peak  times  is  usually  listed  for  the  CRS 
events,  since  they  were  of  relatively  constant  brightness  and 
visible  from  the  spacecraft  over  several  days.  There  were  no 
data  available  from  the  31®  photometer  during  most  of  Orbit 
8,  after  October  1979.  In  the  ninth  column  we  list  the  event 
duration  in  days,  which  is  the  difference  between  the  end  and 
onset  times  of  the  90®  event  in  column  2.  Estimated  speeds 
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Fig.  Sb.  Helios  2  solar  wind  data,  at  0.50  AU,  as  in  Figure  5a  during  the  time  interval  of  the  passage  of  the 
corotating  white  light  structure  on  April  15-20,  1979,  shown  in  Figures  3b  and  4b.  The  photometer  event  occurred 
during  the  passage  of  a  sector  boundary  at  0800  UT  on  April  17,  There  were  two  90®  photometer  peaks  which  coincide 
with  the  two  in  situ  density  peaks  on  April  17  and  18.  The  first  rise  occurred  in  the  compression  region  following  the 
sector  crossing.  The  second  density  peak  was  very  large  and  sharp  (note  the  density  scale)  and  associated  with  a 
magnetic  cloud  (note  the  complete  rotation  in  the  IMF  Bq  component).  One  of  the  enhancements  may  have  been 
associated  with  a  <2ME  which  was  detected  in  the  lower  photometers  near  or  east  of  the  Sun/spacecraft  direction. 


for  the  events  are  listed  in  the  next  column.  These  are  based 
on  the  difference  in  times  between  the  peak  brightness  in  any 
two  photometers:  16®-3r,  3r-90°,  and  16®-90®.  For  CMEs  a 
range  is  given  denoting  the  extrema  of  the  three  pairs;  a 
single  speed  is  given  if  good  data  were  available  from  only 
one  pair.  For  CRSs  a  single  speed  is  given  and  is  derived  by 
modeling  the  outward  material  flow  of  each  event  [see 
Jackson.,  1990], 

Group  number  6  in  Table  1  summarizes  the  results  of  our 
comparison  of  the  in  situ  solar  wind  data  during  the  time 
intervals  of  the  white  light  events  (section  3.3).  The  columns 
answer  the  question  (yes,  maybe,  no)  of  whether  or  not  at 
least  one  of  the  given  characteristic  features  occurred  within 
the  time  span  between  the  onset  and  end  of  the  90®  photom¬ 
eter  event.  The  features  of  interest  are  a  significant  density 
enhancement,  a  fast  forward  shock,  a  sector  boundary 
crossing,  a  smooth,  large  rotation  of  either  or  both  of  the 


IMF  polar  and  azimuthal  angles,  and  a  magnetic  cloud.  If  a 
density  enhancement  or  fast  shock  definitely  (y)  or  possibly 
(m)  occurred  in  the  interval,  then  a  second  letter  follows  the 
first  indicating  whether  or  not  the  density  increase  or  shock 
occurred  within  about  ±5  hours  of  the  white  light  peak.  If  so, 
then  we  consider  it  to  be  within  the  time  resolution  of  the 
photometer  data  and  therefore  coincident  with  the  peak. 
Finally,  the  amplitudes  of  any  relatively  rapid  increases  in 
the  IMF  magnitude  8B  during  the  interval  are  given  in  the 
last  column  of  the  group.  Dashed  lines  in  any  of  these 
columns  means  that  the  IMF  data  were  missing  or  inade¬ 
quate  to  make  an  assessment.  Further  details  of  the  solar 
wind  study  are  discussed  in  section  4.4. 

Finally,  in  the  last  column  we  give  our  determination  of 
the  classification  of  the  event  based  on  data  from  all  of  the 
photometers.  We  can  see  from  Table  1  that  nearly  all  of  the 
classifiable  90®  photometer  events  were  either  definite  or 
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TABLE  2.  Classification  of  Helios  Photometer  Events  by  Orbit 

Events  CME  CRS 


Year 

Orbit 

Total 

Sample 

Definite 

Possible 

Definite 

Possible 

1976 

1 

5 

3* 

0 

0 

1 

1 

1976 

2 

0 

1977 

3 

5 

3 

2 

0 

I 

0 

1977 

4 

10 

7 

3 

3 

2 

0 

1978 

5 

17 

12 

9 

1 

3 

0 

1978 

6 

8 

8 

6 

1 

1 

0 

1979 

7 

12 

I2t 

8 

1 

4 

1 

1979 

8 

13 

11 

11 

0 

0 

I 

Total 

70 

56 

39 

6 

12 

3 

*  Comet  West  was  detected  during  this  orbit  as  one  of  the  90°  events. 
tOne  of  the  events  during  this  orbit  could  not  be  classified. 

possible  CMEs  or  CRSs.  Exceptions  include  the  observa¬ 
tions  of  Comet  West  in  March  1976  which  was  identified  and 
discussed  by  Jackson  and  Benensohn  [1990].  Also,  the  April 
7-9,  1979,  90°  event  was  faint  and  could  not  be  clearly 
identified  in  the  lower  photometers,  partly  because  of  incom¬ 
plete  data.  Therefore  54  of  the  56  white  light  events  could  be 
classified  as  either  CMEs  or  CRSs.  In  Table  2  we  tabulate 
the  number  of  events  by  orbit  number  and  the  breakdown  by 
class  of  the  54  CME  or  CRS  events.  We  conclude  that  at 
least  one  definite  or  possible  CME  was  responsible  for  the 
90°  event  in  80%  (45  of  56)  of  the  cases,  and  a  definite  or 
possible  CRS  in  27%  (15  of  56).  There  are  overlaps  between 
the  classes,  since  a  given  90°  event  could  be  associated  with 
one  or  more  events  of  different  classes.  Thirty-five  (7)  of  the 
56  white  light  events  were  associated  with  only  a  single 
definite  CME  (CRS). 

Thus  we  see  that  most  of  the  white  light  transients 
detected  and  imaged  by  the  Helios  2  photometers  during  this 
period  could  be  classified  as  outwardly  moving  electron 
plasma  clouds,  or  mass  ejections.  Also,  most  of  these 
remotely  imaged  ejections  were  also  detected  as  in  situ 
density  enhancements  at  the  spacecraft.  We  are  convinced 
from  the  Helios  data  alone  that  these  structures  are  the 
interplanetary  manifestation  of  the  well-known  solar  CMEs. 

However,  to  confirm  our  assessment  of  the  Helios  mass 
ejections  as  true  CMEs,  we  performed  a  comprehensive 
survey  of  the  association  between  the  Helios  “CME”  events 
and  CMEs  detected  near  the  Sun  in  1979  by  the  Naval 
Research  Laboratory’s  (NRL)  Solwind  coronagraph.  Sol- 
wind  was  launched  in  March  1979  and  its  observations  of 
CMEs  near  the  Sun  overlapped  in  time  with  the  Helios  2 
photometer  observations  on  Orbits  7  and  8  in  1979  from 
March  to  early  May  and  from  late  October  to  December.  The 
field  of  view  of  the  coronagraph  extended  to  10  whereas 
the  inner  limit  of  the  closest  approach  to  the  Sun  of  the  line 
of  sight  of  the  Helios  16°  photometer  ranged  from  17  to  57 
Rs-  Especially  during  the  period  around  perihelion,  this  gap 
was  minimized  and  associations  could  be  made  with  higher 
confidence.  Several  of  the  largest  Helios  events  observed 
during  1979  have  previously  been  associated  with  Solwind 
CMEs  [e.g.,  Jackson,  \9Z5\  Jackson  et  al.,  1988;  Webb  and 
Jackson,  1988]. 

We  began  with  the  19  90°  photometer  events  in  1979  from 
Table  1  that  included  at  least  one  event  that  we  classified  as 
a  definite  Helios  CME  (thus  the  June  9-11  event  was 
excluded).  We  note  that  for  15  of  these  events  (y/y  in  column 


13)  there  was  a  density  enhancement  coincident  with  the  90° 
photometer  peak  suggesting  that  the  plasma  event  inter¬ 
sected  the  spacecraft;  seven  of  the  events  also  had  coinci¬ 
dent  fast  shocks  (y/y  in  column  14).  Although  not  required 
for  our  association  study,  the  occurrence  and  timing  of  the 
shocks  and  related  particle  events  were  helpful  in  making  the 
solar  associations. 

For  these  19  photometer  events  we  constructed  height/ 
time  diagrams  that  are^similar  to  the  one  displayed  in  Figure 
9c  of  Jackson  et  aL  [1988]  for  the  May  7-9  event.  In  these 
diagrams  the  peak  times  and  durations  of  the  events  at  each 
photometer  height  are  plotted  in  R^  ;  the  time  is  that  of  the 
brightest  signal  in  the  sectors  nearest  the  Sun.  The  heights 
are  calculated  on  the  assumption  that  the  bulk  of  the  material 
observed  by  each  photometer  is  moving  in  a  direction 
perpendicular  to  the  closest  approach  of  the  line  of  sight  to 
the  Sun  [Jackson  and  Leinert,  1985].  Extrapolation  of  a  best 
fit  line  through  the  heights  of  the  photometer  peaks  to  below 
10  R^  then  provides  a  first-order  indication  of  the  temporal 
window  in  which  to  search  for  candidate  associated  CMEs. 
We  also  plotted  the  times  of  the  shocks  and  prompt  particle 
events  as  detected  at  the  spacecraft.  The  particle  data  are 
from  the  Helios  experiments  of  the  Universitaet  Kiel,  Fed¬ 
eral  Republic  of  Germany  (G.  Wibberentz,  private  commu¬ 
nication,  1988)  and  are  useful  in  determining  the  onsets  and 
locations  of  their  sources  at  the  Sun. 

We  then  searched  through  a  recent  version  of  the  Naval 
Research  Lab  (NRL)  Solwind  CME  list  provided  by  R. 
Howard  (private  communication,  1989)  for  CMEs  which 
occurred  at  northern  heliolatitudes  within  a  time  interval  of 
about  1  day  before  to  1  day  after  the  extrapolated  Helios 
onset  time.  The  photometer  time  series  plots  and  images 
were  helpful  in  estimating  from  which  hemisphere  or  limb 
(i.e.,  east,  west,  or  over  the  pole)  the  CME  arose.  Times  of 
limited  or  missing  Solwind  coverage  were  also  marked.  With 
these  restrictions  there  usually  remained  only  one  or  two 
Solwind  CMEs  cis  candidates  for  association  with  the  Helios 
event.  The  occurrences  of  large  optical  and/or  X  ray  flares 
and  metric  type  II  bursts  were  also  noted. 

Table  3  is  a  list  of  the  resulting  associations  between  the 
Helios  2  events  which  we  classified  as  CMEs  and  Solwind 
CMEs,  flares,  and  type  11  bursts.  The  table  contains  the  date 
and  peak  time  of  the  90°  event  followed  by  the  association 
data  for  the  CMEs,  flares,  and  radio  bursts.  Each  category  is 
preceded  by  a  column  giving  our  assessment  (yes,  maybe, 
no)  of  whether  or  not  the  photometer  event  was  associated 
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with  the  earlier  class  of  solar  activity.  Since  we  believe  there 
was  a  single  source  event  for  both  of  the  May  26  and  28 
photometer  peaks  (see  note  4),  we  are  left  with  18  periods  in 
which  to  search  for  associated  solar  events.  From  Table  3  we 
see  that  for  14  of  these  periods  there  was  good  Solwind 
coverage,  for  two  there  was  limited  coverage,  and  for  two 
there  were  no  Solwind  data.  During  12  of  the  14  periods  with 
good  coverage,  or  in  86%  of  the  potential  cases,  we  found  a 
good  association  between  a  Solwind  CME  and  the  Helios 
CME.  In  the  other  two  cases  there  was  evidence  of  possibly 
associated  activity.  No  CME  was  observed  for  the  April  23 
event,  but  the  source  for  this  well-studied  event  is  known  to 
be  a  disappearing  filament,  flare,  and  type  II  burst  from  near 
Sun  center  where  a  CME  is  less  likely  to  be  detected  by  a 
coronagraph  (see  Table  3,  note  1).  The  October  30  event  had 
several  candidate  CMEs  and  flares  and  probably  had  a 
backside  source.  Nine  of  the  18  periods  had  well-associated 
optical  and/or  soft  X  ray  flares,  an  expected  rate  for  frontside 
versus  backside  near-surface  events.  The  associated  flares 
were  energetic,  typically  having  optical  importances  >1  and 
X  ray  fluxes  >Af  1 ,  and  7  of  8  (there  were  no  available  X  ray 
data  for  one  event)  were  long  duration  X  ray  events  (LDEs). 
Eight  of  the  18  periods  had  associated  type  II  bursts,  which 
are  indicative  of  fast  CMEs. 

So  a  good  association  between  the  Helios  CME  and  a  solar 
CME  or  CME  proxy  was  found  for  13  of  the  14  periods  of 
good  coverage.  This  degree  of  association  is  statistically 
highly  significant.  We  found  that  major  Solwind  CMEs 
typical  of  these  events  (see  below:  class  Y  or  Q,  span  >45°, 
northern  heliolatitudes)  occurred  at  a  rate  of  0.30/day  in  a 
1979  control  sample.  During  14  periods  of  good  Solwind 
coverage  this  rate  would  yield  a  random  association  of  4.2 
CMEs,  whereas  12  (of  14  or  86%)  CMEs  were  actually  found 
to  be  associated  with  the  Helios  CMEs,  Therefore  since 
nearly  all  of  the  photometer  events  in  1979  classified  as 
heliospheric  CMEs  were,  in  fact,  associated  with  CMEs  near 
the  Sun,  we  feel  justified  in  making  the  assumption  that  our 
CME  classification  of  the  photometer  events  is  correct.  As 
further  justification,  we  demonstrate  in  the  next  section  that 
the  annualized  rates  of  occurrence  of  the  Helios  and  Solwind 
CMEs  for  1979  are  consistent  with  each  other. 

It  is  of  interest  to  compare  some  characteristics  of  the 
energetics  of  the  associated  solar  events  with  those  in  other 
recent  studies  involving  interplanetary  disturbances.  The 
extrapolated  onset  times,  central  axis  limb  positions,  latitu¬ 
dinal  spans,  speeds,  and  morphological  classes  of  the  asso¬ 
ciated  Solwind  CMEs  are  given  in  columns  4-8  of  Table  3. 
These  parameters  were  taken  directly  from  the  NRL/CME 
list  or  were  modified  by  M.  Koomen  (private  communica¬ 
tion,  1988).  The  NRL  definitions  and  classifications  were 
discussed  by  Howard  et  al,  [1985].  The  12  well-associated 
Solwind  CMEs  were,  on  average,  wider  (86°)  and  faster .(8 15 
km/s)  than  normal.  They  also  tended  to  be  “major”  CMEs, 
with  eight  Y  class  events  and  four  of  Q  class.  In  addition,  as 
noted  above,  they  were  associated  with  energetic  flares  with 
long  X  ray  durations  and  with  type  II  bursts,  which  are 
indicative  of  coronal  shocks.  All  of  these  characteristics  are 
now  known  to  be  typical  of  the  CMEs  associated  with  large 
interplanetary  disturbances,  such  as  shocks  [Sheeley  et  aL, 
1985;  Woo  et  al.^  1985;  Cane  et  aL,  1987],  interplanetary 
scintillation  events  [Watanabe  and  Kakinuma,  1984],  and 
prompt  proton  events  [Kahler  et  al.,  1978,  1984]. 


Fig,  6.  Histogram  showing  the  frequency  of  occurrence  of  coro¬ 
tating  structures  (top)  and  coronal  mass  ejections  (bottom)  detected 
by  the  Helios  2  90°  photometer  from  1976  through  1979.  The  number 
of  CMEs  is  summed  for  each  orbit  of  the  spacecraft  (left-hand 
scale),  whereas  the  number  of  CRSs  is  summed  in  two-orbit  bins  for 
statistical  purposes.  All  values  have  been  corrected  for  the  instru¬ 
ment  duty  cycle.  The  four  circled  points  represent  the  daily  Helios 
2  CME  occurrence  rate  (right-hand  scale)  averaged  over  each  year 
and  corrected  for  the  instrument  visibility  function  as  described  in 
the  text. 


4.2.  Annual  Variation  of  the  Helios 
CME  Occurrence  Rate 

We  have  provided  evidence  that  the  Helios  2  90°  photom¬ 
eter  detected  most  CMEs,  as  well  as  some  other  plasma 
sources,  ejected  toward  or  passing  north  of  the  spacecraft. 
Likewise,  with  this  method  we  will  miss  events  passing  at 
large  near-ecliptic  elongations  from  the  spacecraft  or  entirely 
south  of  it.  With  appropriate  corrections,  we  can  use  these 
results  to  estimate  the  frequency  of  occurrence  of  solar 
CMEs  during  the  long  gap  in  conventional  coronagraph 
coverage  from  1976  to  early  1979.  We  will  also  compare  the 
rates  of  occurrence  obtained  by  the  Helios  and  Solwind 
instruments  in  1979  as  a  check  on  the  consistency  of  our 
results. 

In  Figure  6  we  display  the  frequency  of  occurrence  of  the 
Helios  events  in  several  ways.  The  number  of  CRS  (top)  and 
CME  (bottom)  events  have  been  plotted  separately.  In 
addition,  the  annualized,  average  daily  rates  for  the  CMEs 
(circled  points)  have  been  plotted  for  ease  of  comparison 
with  other  published  CME  rate  data.  These  data  have  been 
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corrected  for  the  instrument  and  spacecraft  duty  cycle  by 
accounting  for  segments  of  missing  data  covering  periods  of 
greater  than  several  consecutive  days.  This  correction  could 
be  large  and  increased  on  successive  orbits  because  the 
photometer  data  were  downlinked  less  often  later  in  the 
mission.  This  is  because  the  spacecraft  solar  panels  pro¬ 
duced  less  power  as  they  aged,  so  that  it  was  necessary  to 
turn  off  some  experiments,  including  the  photometers,  when 
the  spacecraft  was  farthest  from  the  Sun.  The  rates  were  also 
adjusted  according  to  the  observed  CRS/CME  fraction  per 
orbit  to  account  for  the  extra  90°  events  for  which  we  did  not 
obtain  the  lower  photometer  data.  Plotted  are  the  corrected 
number  of  CMEs  per  orbit  and  the  annual  (two-orbit)  values 
of  CRSs. 

In  addition  to  the  duty  cycle  correction,  the  daily  CME 
rate  data  include  a  correction  for  the  instrument  visibility 
function,  or  the  reduction  in  sensitivity  to  events  away  from 
the  plane  of  the  sky  and,  in  the  case  of  Helios,  the  view  angle 
of  the  90°  photometer.  Such  a  correction  is  necessaiy  to 
derive  CME  rates  which  are  comparable  with  those  obtained 
from  coronagraph  data.  Webb  [1986]  and  D.  F.  Webb  and 
R.  A.  Howard  (The  long-term  variation  of  the  rate  of 
occurrence  of  coronal  mass  ejections  and  the  solar  wind 
mass  flux,  submitted  to  Journal  of  Geophysical  Research^ 
1990)  (hereinafter  referred  to  as  Webb  and  Howard,  1990) 
have  discussed  such  visibility  function  corrections  for  the 
Solar  Maximum  Mission  (SMM)  and  Solwind  coronagraphs. 
Those  authors  used  the  heliolongitude  distribution  of  type 
ll/H  flares  associated  with  and  without  CMEs  to  estimate  the 
visibility  functions  of  the  coronagraphs.  Because  of  the 
heliospheric  perspective  of  Helios,  we  must  use  a  different 
technique  to  estimate  the  actual  CME  rate.  Our  approach 
was  to  make  only  a  single,  coarse  correction  for  the  azi¬ 
muthal  distribution  of  CMEs  as  follows.  First,  we  know  that 
nearly  all  of  the  CMEs  detected  by  the  90°  photometer  also 
encountered  the  spacecraft  in  the  ecliptic  plane.  We  then 
assumed  that  the  distribution  of  CMEs  in  azimuth  is  uniform 
and  that  the  average  longitudinal  width  of  a  CME  is  equal  to 
the  average  CME  latitudinal  span  of  45°  [e.g.,  Kahler,  1987]. 
Thus  Helios  should  intersect  in  ecliptic  longitude  only  45/360 
of  all  CMEs.  We  therefore  multiplied  the  annualized  rates  by 
a  factor  of  8  to  yield  the  total  daily  CME  rates  shown  in 
Figure  6.  (We  made  no  other  corrections,  such  as  for  the 
large  number  of  CMEs  that  were  missed  because  they 
passed  south  of  or  at  large  elongations  from  the  spacecraft, 
for  the  probable  expansion  of  CMEs  in  the  heliosphere,  or 
for  any  possible  effect  of  detectability  with  the  varying 
distance  of  the  spacecraft  from  the  Sun.  However,  to  first 
order,  these  corrections  must  generally  cancel  each  other, 
since  we  show  next  that  the  1979  Helios  and  Solwind  CME 
rates  were  in  agreement.) 

Webb  and  Howard  [1990]  have  determined  two  annualized 
CME  rates  from  the  Solwind  data,  a  rate  for  “major”  (Y  + 
Q)  CMEs  and  a  higher  rate  for  all  observed  CMEs  (including 
the  “minor”  events  of  N  class).  Their  annualized,  corrected 
rates  for  1979  were  1.0  and  2.0  CME/day  respectively.  Our 
equivalent  Helios  rate  is  1.1  CME/day,  which  lies  between 
the  two  Solwind  rates  and  thus  supports  our  method  of 
correction.  Furthermore,  the  near  equality  of  the  1979  He¬ 
lios  and  “major”  Solwind  CME  rates  suggests  that  it  is  the 
larger  and  more  energetic  CMEs  which  result  in  obvious 
disturbances  in  the  interplanetary  medium.  This  is  also 
consistent  with  other  studies  comparing  interplanetary  dis¬ 


turbances  with  CMEs.  For  example,  Gosling  [1990]  consid¬ 
ers  bidirectional  streaming  electron  events  such  as  observed 
with  ISEE  3  to  be  the  “best”  interplanetary  signature  of 
CMEs.  We  derive  an  equivalent  rate  of  1.1  per  day  if  we 
make  the  same  azimuthal  correction  to  his  occurrence  rate  of 
bidirectional  electron  events  (BDEs)  observed  from  late 
1978  to  late  1982.  We  conclude  that  the  results  from  our 
association  and  occurrence  rate  studies  lend  confidence  in 
the  use  of  the  Helios  photometer  data  to  detect  and  count 
CMEs  in  the  heliosphere. 

Figure  6  shows  that  the  occurrence  rates  of  both  the 
CMEs  and  CRSs  increased  with  time,  with  a  sharp  rise  after 
1977,  from  the  solar  activity  minimum  in  1976  to  its  maxi¬ 
mum  in  1979-1980.  (Again,  we  emphasize  that  with  the 
photometer  time  resolution,  we  cannot  distinguish  whether 
sharply  peaked  events  are  due  to  shock-compressed  plasma 
or  to  CME/driver  gas  following  it.  But,  since  transient 
interplanetary  shocks  are  driven  by  CMEs,  the  CME  occur¬ 
rence  rates  will  be  unaffected.)  The  importance  of  using  the 
Helios  photometer  data  to  detect  CMEs  is  exemplified  by 
Figure  3  of  Webb  and  Jackson  [1988]  in  which  they  plotted 
the  annualized  CME  rate  over  the  last  solar  cycle.  The 
Helios  data  provide  the  only  CME  data  available  during  the 
rise  of  cycle  21.  The  Helios  rates  closely  track  the  corona- 
graph  rates  near  the  maximum  in  1979-1981,  and  indicate 
that  the  CME  rate  traced  that  of  the  solar  activity  cycle  in 
general  and  varied  from  minimum  to  maximum  by  at  least  an 
order  of  magnitude  [Webb  and  Howard,  1990]. 

The  occurrence  rate  of  the  white  light  corotating  struc¬ 
tures  definitely  identified  in  this  study  increased  much  less 
during  this  period,  by  about  a  factor  of  3.  This  is  consistent 
with  these  features  being  the  interplanetary  manifestation  of 
coronal  streamers,  since  Sime  [1985]  found  a  similar  increase 
during  the  same  period  for  coronal  streamers  detected  by  the 
ground-based  High-Altitude  Observatory  (HAO)  K  coro- 
nameter.  However,  the  lower  photometer  data  are  better 
suited  for  study  of  these  features  and  further  discussion  of 
CRSs  is  beyond  the  scope  of  this  paper.  In  a  separate  study 
using  a  more  complete  set  of  the  Helios  photometer  data, 
Jackson  [1990]  has  identified  and  modeled  many  more  such 
structures- 

4.3.  Characteristics  of  the  Helios  Photometer 
Mass  Ejection  Events 

In  this  section  we  summarize  the  measurements  of  several 
key  CME  parameters  made  with  the  photometer  data  and 
compare  them  with  similar  data  obtained  near  the  Sun  from 
coronagraph  observations.  Speed  and  width  are  the  two 
CME  parameters  which  can  be  unambiguously  measured  on 
sequences  of  coronagraph  images.  These  parameters  repre¬ 
sent  values  as  projected  on  the  plane  of  the  sky.  Speeds  are 
determined  by  appropriate  fits  to,  usually,  radial  measure¬ 
ments  of  the  leading  edge  of  the  CME  on  height/time  plots. 
A  constant  speed  (i.e.,  a  straight-line  fit  on  such  plots)  is 
typical  for  CMEs  near  the  Sun.  CME  widths  or  spans  are 
measured  as  the  difference  in  position  angle,  or  latitudinal 
spread,  between  the  edges  or  outer  boundaries  of  the  CME 
at  a  fixed  height.  Because  of  the  more  three-dimensional 
heliospheric  perspective,  it  is  difficult  to  derive  similar 
measurements  of  these  parameters  with  the  Helios  photom¬ 
eters  which  can  be  directly  compared  with  the  coronagraph 
data.  In  section  4.1  we  discussed  briefly  these  measure¬ 
ments,  and  here  we  present  the  detailed  statistical  results. 
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The  speeds  of  CMEs  determined  from  the  photometer 
data  are  based  on  the  difference  in  times  between  the  peak 
brightnesses  in  the  different  photometers.  For  the  16°  and  31° 
photometers  the  peak  brightnesses  of  the  CMEs  were  mea¬ 
sured  in  sectors  1  and  32  nearest  the  Sun.  Listed  speeds 
measured  by  coronagraphs  usually  refer  to  the  leading  edge 
of  the  CME;  however,  the  onset  time  of  the  CME  in  the 
photometer  data  cannot  be  as  reliably  determined  as  the 
peak  time.  The  height  of  the  material  is  calculated  on  the 
assumptions  that  the  bulk  of  the  material  observed  by  each 
photometer  is  moving  in  a  direction  perpendicular  to  the 
closest  approach  of  the  line  of  sight  to  the  Sun  and  that  the 
material  moves  through  the  line  of  sight  of  the  90°  photom¬ 
eter.  These  assumptions  do  not  take  into  account  any 
systematic  latitudinal  effects  in  the  propagation  of  the  bulk  of 
the  material,  such  as  its  geometrical  distribution  or  the 
heliolatitude  of  the  source  region.  A  height/time  diagram  is 
then  constructed,  in  which  the  peak  times  and  durations  of 
the  events  at  each  photometer  height  are  plotted  in  and 
speeds  are  calculated  based  on  straight-line  fits  between 
different  photometer  heights  [e.g.,  Jackson  et  aL,  1988]. 
These  assumptions  yield  underestimates  of  the  speeds,  but 
coronagraph  speeds  are  also  underestimated  because  the 
material  is  assumed  to  lie  in  the  plane  of  the  sky. 

We  present  in  Figure  7  histograms  of  the  best-determined 
values  of  these  speeds  for  the  three  pairs  of  the  photometer 
data.  Figure  la  shows  speeds  for  the  set  closest  to  the  Sun 
and  Figure  lb  for  the  pair  farthest  from  the  Sun.  Figure  7c 
shows  the  values  between  the  two  extremes,  for  the  16°  and 
90°  photometers,  and  includes  speeds  from  Orbit  8  when  the 
31°  data  were  missing.  The  mean  speeds  determined  for  the 
three  data  pairs  are  given  in  column  2  of  Table  4  along  with 
the  mean  speed  of  all  CMEs  measured  near  the  Sun  with  the 
Solwind  coronagraph  during  the  same  epoch. 

The  mean  and,  particularly  the  median  speeds  of  the 
Helios  CMEs  tend  to  be  larger  with  greater  height,  or 
distance  from  the  Sun,  and  they  are  all  greater  than  the  mean 
Solwind  speed.  Both  of  these  results  provide  some  statistical 
evidence  for  acceleration  as  the  CME  moves  out  from  the 
Sun.  Evidence  for  such  acceleration  in  the  inner  heliosphere 
has  been  noted  before  [Jackson  et  al.,  1985,  1988;  Watanabe 
and  Kakinuma,  1984].  Evidence  in  the  literature  for  accel¬ 
eration  of  CMEs  within  the  field  of  view  of  coronagraphs  is 
inconclusive,  but  those  measurements  are  confined  to  within 
10  of  the  surface,  whereas  the  Helios  observations  extend 
out  to  >100  R^.  The  speeds  of  the  12  Helios  CMEs  with 
well-associated  Solwind  CMEs  are  shaded  in  Figure  7  and 
their  mean  values  listed  in  column  3  of  Table  4.  We  note  that 
the  speeds  of  these  events  measured  by  Helios  are  much 
lower  than  the  mean  speed  (815  km/s)  measured  in  the 
Solwind  field  of  view.  There  are  several  possible  factors 
contributing  to  this  discrepancy:  (1)  These  are  very  fast 
events  near  the  Sun,  suggesting  that  the  material  decelerates 
later  on  (for  example.  Woo  et  al.  [1985]  found  evidence  of 
deceleration  of  fast  shocks  within  the  Helios  field  of  view); 
(2)  the  Helios  measurements  are  with  respect  to  the  center  of 
mass  rather  than  the  leading  edge;  and  3)  typically,  the 
photometers  will  be  viewing  through  the  flanks  of  the  mate¬ 
rial  rather  than  along  its  axis.  The  latter  two  factors  imply 
that  for  the  same  events  the  Helios  speeds  will  be  underes¬ 
timated  relative  to  the  coronagraph  speeds.  In  summary,  the 
Helios  data  provide  some  evidence  for  acceleration  of  typi¬ 
cal  CMEs  as  they  move  out  from  the  Sun  into  the  helio- 
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Fig.  7.  Histograms  of  the  distributions  of  speeds  of  Helios  2 
CMEs  determined  by  straight-line  fits  on  height  versus  time  dia¬ 
grams  between  pairs  of  photometers.  The  heights  are  calculated  on 
the  assumption  that  the  material  is  at  the  closest  approach  of  the  line 
of  sight  to  the  Sun.  The  times  are  those  of  the  estimated  peak 
intensities  of  the  events  measured  in  a  given  photometer  (see  Figure 
3).  The  CME  speeds  are  measured  between  the  following  pairs  of 
photometers;  (n)  the  16®  and  31°  photometers,  closest  to  the  Sun;  (b) 
the  31°  and  90°  photometers,  farthest  from  the  Sun;  and  (c)  the  16° 
and  90°  photometers.  Events  from  Orbit  8,  when  the  31°  daila  were 
missing,  are  included  in  Figure  7c.  The  arrows  indicate  the  mean 
speeds  of  each  distribution.  The  speeds  of  the  12  Helios  CMEs 
which  were  well  associated  with  Solwind  CMEs  are  shaded. 
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sphere;  particularly  fast  events  may  decelerate  farther  out. 
More  work  is  required  to  better  understand  the  kinematics  of 
these  CMEs. 

It  is  difficult  to  determine  the  true  “width”  of  a  CME  from 
the  Helios  data,  at  least  one  that  can  be  compared  with 
coronagraph  measurements.  This  is  because,  unlike  corona- 
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TABLE  4.  Measured  Characteristics  of  Helios  CMEs 


Speed,  km/s, 

Duration, 

Duration, 

Speed,  km/s. 

Solwind 

days.  All 

days,  Solwind 

Instrument 

All  Events 

Associations 

Events^ 

Associations^ 

Helios* 

491,558,487 

390,422,418 

1.53 

1.56 

Solwind 

472t 

815 

♦Speeds  determined  from  Helios  photometer  pairs  are  listed  in  the  sequence:  3r-90''  and 

16^-90®. 

tSolwind  CME  speeds  averaged  over  the  period  1979-1981.  Average  speeds  measured  by  the  SMM 
coronagraph  in  1980  were  340  km/s  [from  Kahler,  1987]. 

^Durations  are  determined  from  the  Helios  90®  photometer  data. 


graph  observations,  the  brightness  of  material  at  large  elon¬ 
gations  from  the  Sun  is  a  strong  function  of  the  distance 
between  the  material  and  the  spacecraft.  In  fact,  as  shown 
by  the  measurements  with  the  90®  photometer,  the  space¬ 
craft  was  eventually  intercepted  by  the  plasma  from  nearly 
every  CME.  However,  the  longitudinal  extent  of  CME 
material  as  determined  with  the  16®  photometer  data  nearest 
the  Sun  can  provide  a  crude  measure  of  the  azimuthal  width 
of  the  event.  For  a  given  event  we  defined  this  extent  to  be 
the  distance  in  degrees  between  the  eastmost  and  westmost 
sectors  in  which  the  event  could  be  clearly  observed.  In  a 
preliminary  survey  we  compared  the  16®  photometer  extents 
of  CMEs  with  the  average  latitudinal  spans  of  coronagraph 
CMEs.  The  mean  extent  of  the  Helios  CMEs  was  53®.  This 
is  similar  to  the  mean  spans  of  all  CMEs  measured  by 
coronagraphs  during  the  same  epoch,  i.e.,  SMM;  1980  =  41® 
and  Solwind;  1979-1981  =  45®  [Kahler,  1987].  We  also 
compared  the  16®  photometer  extents  with  the  Solwind  spans 
for  the  12  major  CMEs  in  1979  that  were  also  observed  by 
Solwind.  The  mean  of  the  spans  of  the  associated  Solwind 
CMEs  was  86®,  whereas  the  mean  of  the  events  measured  at 
Helios  was  65®.  Thus  the  longitudinal  extents  of  CMEs 
measured  in  the  lower  Helios  photometers  are  reasonably 
consistent  with  the  latitudinal  spans  of  CMEs  measured  by 
coronagraphs  nearer  the  Sun  and  earlier  in  the  event  evolu¬ 
tion. 

We  examined  the  distributions  of  the  durations  and  bright¬ 
nesses  of  the  CMEs  as  observed  in  the  90®  photometer  to 
better  understand  the  size  scales  of  the  interplanetary  man¬ 
ifestations  of  coronal  mass  ejections.  The  duration  of  an 
event  is  merely  the  time  interval  between  the  onset  and  the 
end  of  the  90®  event  as  defined  in  section  3.  These  values  are 
listed  in  the  ninth  column  of  Table  1.  Figure  8  presents  the 
distribution  of  these  durations  for  the  45  events  classified  as 
definite  or  possible  CMEs.  The  distribution  is  relatively 
sharply  peaked  with  a  mean  of  1.53  days  or  36.7  hours,  as 
determined  for  the  21  CMEs  without  upper  or  lower  limits. 
Since  most  of  the  remaining  24  events  had  lower  limits,  the 
typical  duration  is  likely  to  be  underestimated.  Such  long 
durations  greatly  exceed  the  typical  observed  durations  of 
CMEs  in  the  field  of  view  of  coronagraphs,  but  those 
durations  are  not  well  determined  [e.g.,  Kahler,  1987].  The 
mean  duration  of  those  Helios  CMEs  associated  with  the  12 
1979  Solwind  CMEs  is  similar  to  that  for  all  Helios  CMEs,  as 
shown  in  Table  4.  It  has  been  suggested  that  the  Helios 
photometers  detected  enhanced  plasma  earlier  than  and  for 
longer  periods  than  would  be  estimated  from  Solwind  obser¬ 
vations  of  the  same  events  [Jackson  and  Leinert,  1985; 
Jackson  et  ai,  1988].  The  mean  Helios  CME  duration  of  37 
hours  represents  a  dimension  of  0.35  AU  at  the  average  solar 


wind  flow  speed  of  400  km/s,  or  about  0.45  AU  at  the  mean 
speed  of  the  Helios  CMEs.  These  size  scales  lie  at  the  high 
end  of  the  range  of  average  flow  sizes  derived  for  features 
suggested  to  be  interplanetary  manifestations  of  CMEs. 


90^  DURATION  (hours) 

0  24  48  72  96 


90®  DURATION  (days) 

Fig.  8.  Histogram  of  the  distribution  of  durations  of  the  CMEs 
as  observed  with  the  90®  photometer.  The  duration  is  given  in  hours 
at  the  top  and  days  at  the  bottom.  The  arrow  denotes  the  mean  equal 
to  1.53  days  of  the  duration  distribution. 
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These  include  bidirectional  streaming  particle  events  (0.13 
AU  [Gosling  et  al.,  1987]),  magnetic  clouds  (0.25  AU  [Klein 
and  Burlaga,  1982]),  and  helium  abundance  enhancements 
(0.4  AU  [Borrini  et  aL,  1982]).  It  must  be  emphasized  that 
these  long  flow  times  are  typical  of  all  of  the  photometer 
events,  not  just  the  largest  ones. 

Finally,  we  calculated  the  brightness  increase  above  the 
preevent  background  attributable  to  each  of  the  90®  events 
normalized  to  1  AU.  The  mean  brightness  increase  of  ail  of 
the  definite  CMEs  was  2.32  SIO  units.  The  trend  of  the  mean 
brightness  of  the  CME  events  increased  toward  solar  activ¬ 
ity  maximum  (as  did  that  for  the  CRS  events)  as  follows: 
1976  +  1977  =  1.51  ±  0.82,  1978  =  2.50  ±  1.34,  and  1979  = 
2.95  ±  1.55  SIO  units.  The  mean  durations  of  the  CMEs 
remained  relatively  constant  over  this  same  period.  Analo¬ 
gous  with  coronagraph  data,  the  observed  brightness  is  a 
function  of  electron  density  times  the  depth  of  the  material 
and  therefore  its  mass  [sqq  Jackson  and  Leinert,  1985].  Thus 
brightness  times  duration  is  proportional  to  mass  flow,  which 
suggests  that  the  mass,  or  the  amount  of  material  contained 
in  the  typical  CME  increased  during  this  4-year  period.  We 
consider  this  to  be  the  first  direct  evidence  that  the  mass  per 
CME  expelled  into  the  solar  wind  is  in  phase  with  the  solar 
cycle.  This  result  appears  to  be  consistent  with  the  corona- 
graph  mass  estimates  of  Webb  and  Howard  [1990]  showing 
that  CMEs  can  contribute  up  to  15%  of  the  bulk  solar  wind 
ecliptic  mass  flux  at  1  AU  during  solar  maximum.  We 
conclude  that  the  typical  plasma  enhancements  accompany¬ 
ing  the  Helios  CMEs  have  large  dimensions  and  therefore 
can  supply  large  amounts  of  mass  to  the  inner  heliosphere, 
especially  around  the  maximum  period  of  solar  activity. 

4.4.  Comparative  Analysis  of  the  in  situ  Solar  Wind 
During  the  Photometer  Events 

In  section  3.3  we  described  the  selection  criteria  and 
method  of  analysis  of  our  study  of  the  solar  wind  plasma  and 
IMF  data  obtained  at  Helios  2  during  the  time  intervals  of  the 
90®  photometer  events.  In  this  section  we  discuss  the  impor¬ 
tant  results  of  that  study  as  they  pertain  to  the  white  light 
events,  especially  those  classified  as  CMEs.  Our  goals  were 
to  discover  how  frequently  material  from  the  remotely 
viewed  white  light  events  actually  intersected  the  spacecraft, 
what  the  signatures  of  this  material  were,  and  how  the 
material  evolved  as  it  passed  the  spacecraft.  We  keyed  on 
several  solar  wind  parameters  and  classes  of  events  which 
have  been  considered  to  be  possible  signatures  of  coronal 
mass  ejections. 

The  basic  results  are  listed  by  the  categories  of  the 
characteristic  in  situ  features  in  Table  1,  which  was  de¬ 
scribed  above.  We  examined  the  solar  wind  data  during  the 
intervals  of  aU  of  the  original  90°  events,  but  we  will  limit  our 
discussion  to  the  results  of  comparison  of  these  data  with 
only  the  white  light  events  which  we  classified  as  definite 
CMEs  or  definite  CRSs  (see  Table  2).  In  Table  5  we 
summarize  the  results  of  this  comparison  during  the  time 
intervals  of  the  white  light  events.  In  the  first  column  we  list 
the  solar  wind  features  of  interest  and  in  the  other  two 
columns  the  number  and  fractional  percentage  of  white  light 
intervals  during  which  there  was  at  least  one  occurrence  of 
the  given  solar  wind  feature.  For  example,  listed  fast  for¬ 
ward  shocks  occurred  during  the  time  interval  of  the  90° 
photometer  enhancement  for  18  of  the  39  (46%)  CMEs  and  3 
of  the  12  (25%)  CRSs. 


TABLE  5.  Association  of  Classified  Photometer  Events  With  in 
Situ  Observations 


Solar  Wind  Feature 

Definite 

CMEs,  39 
Events 

Definite 
CRSs,  12 
Events 

Density  enhancement 

36/39  (92%) 

12/12  (100%) 

Shock 

18/39  (46%) 

3/12  (25%) 

Sector  boundary* 

7/35  (20%) 

3/12  (25%) 

IMF  rotation* 

29/35  (82%) 

8/12  (67%) 

Magnetic  cloud* 

14/35  (40%) 

2/12  (17%) 

Average  IMF  6B* 

24.3  nT 

15.7  nT 

*For  their  identification  these  features  required  IMF  data,  which 
were  missing  during  some  of  the  photometer  events. 


As  we  see  in  Table  5,  significant  in  situ  density  enhance¬ 
ments  occurred  during  nearly  all  of  the  white  light  intervals. 
This  is  perhaps  not  surprising  since  our  selection  criteria 
were  biased  toward  events  aimed  in  the  general  direction  of 
the  spacecraft.  Notable  density  enhancements  were  defined 
as  distinct  increases  in  the  hourly  proton  number  density 
having  amplitudes  above  the  background  of  at  least  10  cm”^ 
(unnormalized).  Most  of  the  increases  were  much  larger  than 
this.  In  Figure  9a  we  plot  a  histogram  of  the  distribution  of 
At,  the  difference  between  the  white  light  peak  time  and  the 
time  of  the  in  situ  density  peak.  The  time  differences  are 
grouped  in  2-hour  bins;  the  -*1  to  + 1  hour  bin  includes  the 
events  for  which  the  white  light  and  in  situ  peaks  coincided 
within  the  1  hour  time  resolution  of  the  solar  wind  data.  We 
see  that  there  is  a  sharp  peak  in  the  distribution  for  near-zero 
lag  and,  further,  that  64%  of  the  density  peaks  were  within 
±6  hours  of  the  white  light  peak,  or  essentially  within  the  5.2 
hour  time  resolution  of  the  photometer  observations.  There¬ 
fore  we  conclude  that  plasma  associated  with  most  of  the  90° 
photometer  events  also  intersected  the  spacecraft  in  the 
ecliptic,  usually  at  about  the  same  time  (±5.2  hours)  as  the 
peak  of  white  light  brightness.  Thus  we  are  justified  in  using 
the  solar  wind  data  for  these  events  to  study  the  in  situ 
characteristics  of  CMEs  and  CRSs. 

Table  5  also  reveals  that  fast  forward  shocks  occurred 
during  nearly  half  of  the  intervals  with  CMEs  and  1/4  of 
those  with  CRSs.  (We  do  not  know  why  shocks  would  be 
physically  associated  with  CRSs;  the  small  number  of  asso¬ 
ciations  could  be  due  to  chance.)  Figure  9b  shows  the 
distribution  of  At  for  these  shocks.  This  distribution  is  very 
similar  to  that  for  the  density  peaks,  showing  that  62%  (16  of 
26)  of  the  shocks  occurred  within  ±6  hours  of  the  white  light 
peak.  Thus  in  most  cases  involving  shocks  the  white  light 
brightness  peak  was  ‘‘coincident”  with  the  shock.  Typically, 
in  these  events  a  sharply  peaked  feature  was  also  observed 
earlier  in  the  lower  photometer  data  (e.g.,  Figure  3n).  For 
these  events  we  conclude  that  the  most  intense  white  light 
emission  came  from  regions  of  compressed  plasma  at  or  just 
behind  the  shock  front  [e.g.,  Jackson,  1986].  Since  flows 
attributed  to  shock  sheaths  can  persist  for  several  hours, 
with  these  data  we  cannot  determine  whether  the  abrupt 
white  light  increases  are  due  to  shock-compressed  plasma, 
to  the  CME/driver  gas  following  it,  or  to  a  regime  some¬ 
where  between. 

Large  and  systematic  rotations  of  either  or  both  of  the 
polar  and  azimuthal  components  of  the  IMF  occurred  during 
most  (82%  for  the  CMEs  and  2/3  for  the  CRSs)  of  the  white 
light  intervals.  During  a  subset  of  the  cases  with  rotations 
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Fig.  9.  Histograms  of  the  distributions  of  A/,  the  difference 
between  the  white  light  event  peak  times  in  the  90^  photometer  and 
the  times  of  Helios  2  in  situ  (a)  density  peaks,  (b)  fast  forward 
shocks,  and  (c)  sector  boundaries.  The  time  differences  are  grouped 
in  2-hour  bins;  the  - 1  to  + 1  hour  bin  includes  the  events  for  which 
the  white  light  and  in  situ  peaks  essentially  coincided  within  the  1 
hour  time  resolution  of  the  solar  wind  data.  Positive  (negative)  Ar 
means  that  the  in  situ  peak  preceded  (followed)  the  white  light  peak. 
The  horizontal  bar  denotes  the  time  resolution  of  the  photometer 
data.  Time  differences  involving  only  upper  or  lower  limits  were 
excluded-  The  density  time  differences  involving  definite  or  possible 
CMEs  are  indicated  by  cross  hatching.  Multiple  in  situ  events 
occurring  within  the  white  light  intervals  were  included.  The  78 
density  enhancements  occurred  during  49  white  light  intervals,  the 
26  shocks  during  18  intervals,  and  the  1 1  sector  crossings  during  1 1 
intervals. 


(40%  of  the  CMEs  and  17%  of  the  CRSs),  the  IMF  displayed 
characteristics  resembling  those  of  magnetic  clouds.  We 
defined  such  cases  of  candidate  clouds  as  having  smooth, 
long-enduring  (on  the  order  of  10  hours  or  more)  enhance¬ 
ments  in  the  IMF  intensity  associated  with  significant  field 
rotations  in  one  or  both  of  the  IMF  components.  Typically, 


these  magnetic  enhancements  occurred  during  the  periods 
with  enhanced  density.  From  Table  1  we  see  that  during 
most  of  the  white  light  intervals  there  was  a  significant 
increase  in  the  IMF  magnitude  SB  whether  or  not  associated 
with  any  of  the  above  features.  The  mean  value  of  8B, 
uncorrected  for  radial  distance  from  the  Sun,  is  listed  at  the 
bottom  of  Table  5.  The  mean  IMF  amplitude  during  CMEs 
greatly  exceeded  that  during  CRSs. 

Spacecraft  crossings  of  the  heliospheric  current  sheet  in 
the  interplanetary  medium  are  identified  as  sector  bound¬ 
aries.  From  this  study  we  conclude  that;  (1)  None  of  the 
white  light  transients  occurring  when  Helios  2  was  near  a 
sector  boundary  could  be  attributed  solely  to  the  density 
enhancement  at  that  boundary;  (2)  CRSs  and/or  CMEs  could 
be  identified  during  each  of  the  white  light  intervals  occur¬ 
ring  with  a  sector  boundary;  and  (3)  the  rate  of  crossings  of 
sector  boundaries  during  the  white  light  intervals  is  consis¬ 
tent  with  a  random  chance  association.  (For  a  four-sector 
structure,  boundaries  will  occur  on  average  every  7  days. 
CMEs  or  CRSs  have  an  average  duration  of  1.5  days,  so 
there  should  be  21%  random  associations  with  the  white  light 
intervals.  This  agrees  with  the  rates  shown  in  Table  5.)  This 
conclusion  is  supported  by  Figure  9c,  which  shows  that  the 
times  of  crossings  of  the  1 1  definite  sector  boundaries  in  our 
data  were  broadly  distributed  with  respect  to  the  white  light 
brightness  peaks.  Th^e  results  indicate  that,  at  least  near 
the  Sun,  such  interaction  regions  in  the  solar  wind  are  not 
sufficiently  dense  along  the  line  of  sight  to  yield  white  light 
enhancements  detectable  by  the  photometers. 

In  the  corona,  white  light  streamers  tend  to  form  a  belt 
which  has  been  shown  to  overlie  the  computed  source 
surface  of  the  heliospheric  neutral  sheet  [e.g.,  Bruno  et  aL, 
1982].  Thus  the  occasional  occurrence  at  sector  boundaries 
of  corotating  structures  extending  from  the  Sun  is  not 
surprising.  Since  CMEs  are  often  ejected  from  streamers,  we 
should  also  expect  that  occasionally  a  CME  will  appear  near 
a  sector  boundary  in  the  ecliptic.  Since  we  can  unambigu¬ 
ously  identify  and  differentiate  CMEs  and  CRSs,  we  believe 
that  our  study  is  one  of  the  first  to  demonstrate  that  some 
corotating  solar  structures  and  CMEs  propagate  out  from  the 
Sun  in  close  proximity  to  the  neutral  sheet  where  they  are 
observed  in  situ. 

5.  Conclusions 

In  this  study  we  have  used  Helios  2  zodiacal  light  photom¬ 
eter  data  to  identify  and  determine  the  characteristics  of 
white  light  transient  events  observed  in  the  interplanetary 
medium.  Data  from  the  north  ecliptic  pole  (4-90®)  photome¬ 
ter  were  used  to  identify  all  significant  electron  plasma 
events  passing  north  of  or  enveloping  the  spacecraft.  A 
subset  of  these  events  was  classified  by  examining  the 
lower-latitude  photometers  to  determine  the  temporal  evo¬ 
lution  and  spatial  extent  of  each  event.  The  major  goals  of 
the  study  were  to  identify  coronal  mass  ejections  (CMEs)  in 
the  interplanetary  medium,  to  establish  their  heliospheric 
characteristics  and  compare  them  with  those  of  CMEs 
observed  near  the  Sun,  and  to  determine  the  frequency  of 
occurrence  of  CMEs  from  1976  through  1979. 

We  found  that  most  (80%)  of  the  white  light  transients 
could  be  classified  as  mass  ejections  moving  outward  from 
the  Sun.  A  smaller  number  (27%)  were  elongated  structures 
which  corotated  from  east  to  west  of  the  Sun  and  probably 
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represent  the  interplanetary  detection  of  coronal  streamers 
in  the  heliosphere.  During  the  period  of  overlapping  cover¬ 
age  in  1979  the  Helios  mass  ejections  were  found  to  be  well 
associated  with  Solwind  CMEs  observed  earlier  near  the 
Sun.  Their  occurrence  rates,  speeds,  and  size  scales  were 
also  comparable,  indicating  that  the  Helios  photometers 
were  detecting  most  CMEs  directed  through  its  field  of  view. 

We  were  able  to  establish  some  important  characteristics 
of  the  heliospheric  manifestation  of  coronal  mass  ejections. 
Nearly  all  of  the  Helios  events  were  accompanied  by  in  situ 
density  enhancements,  most  of  which  were  essentially  coin¬ 
cident  with  the  times  of  the  white  light  peak  brightness.  The 
average  brightness  increase  attributable  to  the  heliospheric 
CMEs  in  the  90""  photometer  was  2.3  SIO  units.  They  had 
long  durations  (1.5  days)  and  speeds  of  —500  km/s,  implying 
radial  dimensions  of  —0.4  AU,  and  longitudinal  widths  near 
the  Sun  of  —50®.  Taken  together,  these  results  imply  that 
typical  heliospheric  CMEs  have  large  dimensions  and  supply 
significant  amounts  of  mass  to  the  inner  heliosphere,  espe¬ 
cially  around  the  maximum  phase  of  solar  activity. 

Other  than  significant  density  enhancements,  the  Helios 
CMEs  were  characterized  in  situ  by  significant  increases  in 
the  magnitude  of  the  IMF  and  large  rotations  of  its  polar  and 
azimuthal  components.  About  half  of  them  were  preceded 
by  fast  shock  waves  and  by  flows  typical  of  magnetic  clouds. 
The  shocks  tended  to  be  coincident  with  or  to  precede  the 
peak  brightness  of  the  white  light  events  by  up  to  15  hours. 
This  suggests  that  the  most  intense  white  light  emission 
comes,  in  the  former  case,  from  compressed  plasma  at  or 
just  behind  the  shock  front  or,  in  the  latter  case,  from  regions 
within  the  CME  itself  commonly  referred  to  as  driver  gas. 
Three  quarters  of  the  shocks  in  our  study  were  followed 
within  the  photometer  event  interval  by  in  situ  material 
suggestive  of  driver  gas.  Such  features  were  also  observed 
during  intervals  without  shocks. 

We  showed  that,  with  appropriate  corrections,  we  can  use 
the  Helios  photometer  data  to  estimate  the  frequency  of 
occurrence  of  solar  CMEs.  The  Helios  2  data  discussed  in 
this  paper  were  particularly  appropriate  for  this  task  because 
they  permitted  us  to  estimate  CME  rates  during  the  long  gap 
in  conventional  coronagraph  coverage  from  1976  to  early 
1979.  Combined  with  coronagraph  data  in  1979-1981,  the 
results  indicate  that  during  the  rise  of  the  last  solar  activity 
cycle,  the  CME  occurrence  rate  generally  tracked  the  cycle, 
increasing  by  at  least  an  order  of  magnitude  between  cycle 
minimum  and  maximum.  The  Helios  results  also  suggest  that 
the  mass  per  CME  likewise  increased  during  this  4-year 
period. 

The  occurrence  rate  of  the  smaller  class  of  photometer 
transients,  corotating  structures  or  CRSs,  increased  during 
this  period  by  only  a  factor  of  three.  A  definitive  study  of 
these  structures  is  left  to  other  papers  [e.g.,  Jackson,  1990], 
but  our  preliminary  results  indicate  that  this  class  of  tran¬ 
sient  may  represent  the  heliospheric  signature  of  coronal 
streamers.  Many  of  these  features  can  be  mapped  back  to 
white  light  streamers  observed  by  coronagraphs  at  the  Sun. 
In  the  corona,  such  bright  streamers  tend  to  lie  along  the 
source  surface  of  the  current  sheet  in  the  heliosphere,  where 
its  ecliptic  crossings  are  identified  as  sector  boundaries. 
None  of  the  white  light  transients,  either  CMEs  or  CRSs, 
occurring  when  Helios  2  was  near  a  sector  boundary  could 
be  attributed  solely  to  the  density  enhancement  at  that 
boundary,  indicating  that  such  regions  are  not  sufficiently 


dense  to  yield  white  light  enhancements  detectable  by  the 
photometers.  On  the  other  hand,  we  have  shown  that  some 
corotating  solar  structures  and  CMEs  do  propagate  out  from 
the  sun  in  the  vicinity  of  the  current  sheet  where  they  can 
observed  in  situ.  We  have  yet  to  perform  a  more  complete 
analysis  of  these  features  to  study,  for  example,  the  white 
light  characteristics  of  sector  boundaries  and  interaction 
regions  in  general. 

In  conclusion,  we  have  demonstrated  that  the  Helios 
zodiacal  light  photometers  were  sufficiently  sensitive  to 
detect  the  electron-scattered  component  of  most  coronal 
mass  ejections  in  the  inner  heliosphere.  We  have  determined 
some  important  characteristics  of  these  events  and  com¬ 
pared  them  with  in  situ  solar  wind  data  and  with  CMEs 
observed  earlier  near  the  Sun.  Future  studies  involving  these 
data  will  include:  the  characteristics  of  the  corotating  class 
of  events,  the  characteristics  of  sector  boundaries,  the  solar 
source  regions  of  the  white  light  events  of  this  study  deter¬ 
mined  by  backprojection  to  the  Sun,  extension  of  the  statis¬ 
tical  analyses  to  include  the  Helios  1  photometer  data,  and 
comparison  of  the  Helios  CMEs  with  other  coronagraph 
CME  data  and  with  transient  events  detected  at  other 
interplanetary  spacecraft,  such  as  Pioneer  Venus  and  ISEE 
3. 
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Magnetic  clouds  are  large  (<0.25  AU)  interplanetary  regions  with  topologies  consistent  with  those 
of  magnetic  loops.  They  are  of  interest  because  they  may  be  an  interplanetary  signature  of  coronal 
mass  ejections.  Clouds  have  been  identified  in  solar  wind  data  by  their  magnetic  properties  and  by  the 
presence  of  bidirectional  particle  fluxes.  Two  possible  closed  magnetic  topologies  have  been 
considered  for  clouds:  (1)  an  elongated  bottle  with  field  lines  rooted  at  both  ends  in  the  Sun  and  (2)  a 
detached  magnetic  bubble  or  plasmoid  consisting  of  closed  field  lines.  The  inferred  topologies  are  also 
consistent  with  open  field  lines  that  converge  beyond  I  AU.  We  have  used  solar  energetic  particles 
(SEPs)  as  probes  of  the  cloud  topologies.  The  rapid  access  of  SEPs  to  the  interiors  of  many  clouds 
indicates  that  the  cloud  field  lines  extend  back  to  the  Sun  and  hence  are  not  plasmoids.  The  small 
modulation  of  galactic  cosmic  rays  associated  with  clouds  also  suggests  that  the  magnetic  fields  of 
clouds  are  not  closed. 


1.  Introduction 

The  topology  of  magnetic  field  lines  carried  into  the 
interplanetary  medium  by  coronal  eruptive  events  has  been 
investigated  for  several  decades.  Both  Piddington  [1958]  and 
Gold  [1959]  suggested  that  magnetic  loops  would  retain  their 
connection  to  the  Sun  and  form  topologically  closed  bottles. 
The  observation  with  the  Skylab  coronagraph  of  large  loop¬ 
like  coronal  mass  ejections  (CMEs)  that  appeared  to  remain 
connected  to  the  Sun  [Gosling  et  aL,  1974]  lent  further 
credence  to  the  basic  picture  of  a  magnetic  bottle. 

The  first  attempt  to  use  solar  energetic  particles  (SEPs)  to 
probe  the  topology  of  interplanetary  fields  was  made  by  Rao 
et  al,  [1967].  As  part  of  a  survey  of  energetic  storm  particle 
events  observed  with  detectors  on  the  Pioneer  6  and  7 
spacecraft,  they  found  four  periods  of  bidirectional  anisotro¬ 
pies  of  10-MeV  protons.  All  occurred  during  the  maximum 
depressions  of  Forbush  decreases,  and  in  at  least  one  case, 
on  March  23,  1966,  the  maximum  fluxes  were  parallel  and 
antiparailel  to  the  field  lines.  Rao  et  al.  [1967]  argued  that 
their  observations  were  not  consistent  with  a  Gold  bottle  but 
were  better  explained  by  particles  behind  a  blast  wave  in  a 
field  configuration  open  to  the  interplanetary  medium. 

The  next  attempt  to  deduce  magnetic  field  topologies  from 
energetic  particle  measurements  was  apparently  that  of 
Palmer  et  al.  [1978].  They  surveyed  --1-MeV  particle  data 
from  the  Explorer  and  Vela  satellites  covering  a  6-year 
interval  and  found  16  periods  of  bidirectional  fluxes,  includ¬ 
ing  three  of  E  >  40  keV  electron  events.  Their  event 
anisotropies  generally  occurred  during  the  minima  of  For¬ 
bush  decreases  and  for  an  average  duration  of  9  hours, 
implying  a  spatial  scale  of  0.13  AU.  Contrary  to  Rao  et  al. 
[1967],  Palmer  et  al.  argued  in  favor  of  a  Gold  bottle  as 
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opposed  to  a  blast  wave  in  an  open  field  configuration  for  the 
magnetic  topology. 

Kutchko  et  al.  [1982]  analyzed  a  l-MeV  proton  and  alpha 
SEP  event  on  October  12,  1977,  that  showed  field-aligned 
bidirectional  fluxes  for  about  5  hours.  At  the  same  time  the 
relativistic  electron  fluxes  were  also  “bidirectional’*  but  with 
anisotropies  peaked  perpendicular  to  the  magnetic  field. 
These  particles  were  associated  with  a  solar  flare  which 
occurred  earlier  in  the  day  and  were  therefore  injected  at  the 
Sun.  As  candidate  topologies  for  the  interplanetary  magnetic 
field,  they  compared  the  Gold  bottle  with  a  pinched-oflf 
bottle,  or  plasmoid,  as  shown  in  Figure  1.  Their  analysis  of 
the  plasma,  field,  and  particle  data  from  IMP  7  and  8  led 
them  to  conclude  that  the  magnetic  field  was  in  a  Gold  bottle 
configuration.  Sarris  and  Krimigis  [1982]  analyzed  the  pitch 
angle  distributions  of  energetic  electrons  and  protons  from 
two  solar  flares  observed  on  IMP  7.  In  each  case  the 
electrons  and  protons  were  inferred  to  bounce  between 
magnetic  mirrors.  Their  preferred  magnetic  topology  was 
also  a  bottle,  extending  about  3.5  AU  from  the  Sun. 

The  Kutchko  et  al.  [1982]  observations  were  significant  for 
inferring  the  presence  of  a  magnetic  loop  at  the  Earth  during 
a  time  of  relatively  undisturbed  solar  wind  conditions.  In 
contrast,  the  earlier  events  discussed  by  Rao  et  al.  [1967] 
and  Palmer  et  al.  [1978]  generally  occurred  in  association 
with  Forbush  decreases,  which  clearly  implied  unusual 
conditions  for  the  interplanetary  field.  The  work  of  Kutchko 
et  al.  [1982]  therefore  suggested  particle  bidirectionality  as  a 
tool  for  probing  the  magnetic  structure  of  the  interplanetary 
medium  at  any  time,  rather  than  only  during  disturbed 
conditions. 

These  early  reports  of  bidirectional  particle  fluxes  make 
clear  that  bidirectionality  occurs  rather  infrequently  in  the 
>l-MeV  energy  range.  At  much  lower  energies  the  ubiqui¬ 
tous  electron  and  proton  fluxes  apparently  provide  a  more 
sensitive  tool  for  detecting  bidirectionality.  Bidirectional 
proton  fluxes  (BDPs)  observed  with  the  low-energy  (E  >  35 


9419 


9420 


Kahler  and  Reames:  Probing  Topologies  of  Magnetic  Clouds 


BOTTLE 


PLASMOID 


OPEN 


Fig.  1.  Three  possible  topologies  of  magnetic  clouds,  as  pro¬ 
jected  into  the  ecliptic.  The  circle  with  the  cross  is  the  Earth;  the 
Sun  is  at  the  bottom.  The  heavy  solid  lines  indicate  magnetic  field 
lines  extending  from  the  Sun  into  interplanetary  space,  and  the 
shaded  regions  show  the  areas  accessible  to  SEPs.  In  all  cases  a 
bidirectional  particle  flux  could  be  observed  at  the  Earth. 


ke V)  proton  detector  on  ISEE  3  were  analyzed  for  individual 
events  [Sanderson  et  aL,  1983;  TranquUle  et  aL,  1987]  and 
for  all  events  found  in  a  45-month  survey  [Marsden  et  aL, 
1987].  Similarly,  analyses  of  individual  events  of  bidirec¬ 
tional  low-energy  [E  >  80  eV]  electron  fluxes  (BDEs)  [Bame 
et  aL,  1981;  Zwickl  et  aL,  1983;  Pilipp  et  at.,  1987]  were 
followed  by  a  survey  of  events  in  a  16-month  period  [Gosling 
et  aL,  1987].  The  BDE  and  BDP  events  often  did  not 
coincide,  and  when  they  did,  they  often  differed  by  hours  in 
their  start  and  stop  times  [Gosling  et  aL,  1987]. 

A  complementary  approach  to  detecting  magnetic  loops  in 
the  solar  wind  was  based  on  interplzinetary  magnetic  field 
observations.  Guided  by  the  detailed  observations  from  five 
spacecraft  of  a  region  interpreted  as  a  magnetic  loop  [Burl- 
aga  et  aL,  1981],  Klein  and Burlaga  [1982]  defined  magnetic 
clouds  as  interplanetary  regions  with  (1)  radial  dimensions  of 
«0.25  AU,  (2)  enhanced  magnetic  fields  of  >10%  and  (3) 
changes  of  magnetic  field  directions  from  large  southern 
directions  to  large  northern  directions,  or  vice  versa.  Forty- 
five  clouds  were  identified  by  Klein  and  Burlaga  between 
1967  and  1978.  This  period  was  extended  to  1982  by  Zhang 
and  Burlaga  [1988],  who  found  19  more  clouds. 

The  durations  of  the  BDE  and  BDP  events  correspond  to 
spatial  scale  sizes  of  <0,05  to  0.5  AU,  comparable  with 
those  of  magnetic  clouds.  Nearly  all  the  Zhang  and  Burlaga 
magnetic  clouds  can  be  associated  with  BDE  events.  How¬ 
ever,  the  number  of  BDE  events  exceeds  the  number  of  BDP 
events  over  comparable  periods  of  time,  and  the  number  of 
BDP  events  exceeds  the  number  of  reported  magnetic 
clouds,  both  by  factors  of  ==3  [Gosling,  1990].  The  bidirec¬ 
tional  particle  technique  is  therefore  regarded  as  a  more 
sensitive  method  of  identifying  interplanetary  CMEs,  partic¬ 
ularly  when  the  cloud  consists  of  a  peak  field  too  weak 
(<107)  to  match  the  definition  of  a  magnetic  cloud. 

The  BDPs,  BDEs,  and  magnetic  clouds  have  all  been 
interpreted  as  the  interplanetary  manifestations  of  CMEs 
[Marsden  et  aL,  1987;  Gosling  et  aL,  1987;  Klein  and 
Burlaga,  1982;  Gosling,  1990].  A  good  association  between 
the  magnetic  clouds  of  Klein  and  Burlaga  [1982]  and  disap¬ 
pearing  filaments  has  been  found  [Wilson  and  Hildner,  1986; 
Marubashi,  1986],  thus  supporting  this  interpretation  by 
linking  a  known  solar  signature  of  CMEs  [Webb  and  Hund- 


hausen,  1987]  with  clouds.  One  expects  the  interaction 
between  the  CME  and  the  ambient  plasma  to  produce  the 
most  enhanced  magnetic  field  intensities  ahead  of  and  within 
the  driver  gas  for  the  fastest  CMEs  [Gosling,  1990].  Thus,  if 
the  CME  interpretation  is  correct,  the  original  cloud  crite¬ 
rion  of  a  >107  field  should  preferentially  select  the  most 
energetic  of  all  CMEs  intersecting  the  Earth.  The  speeds  of 
most  CMEs  are  sufficiently  below  the  Alfven  speed  [Hund- 
hausen  et  aL,  1987]  that  shocks  and  field  compressions  will 
not  be  produced  in  interplanetary  space.  In  these  cases  the 
BDPs  and  BDEs  may  be  the  only  way  to  detect  the  charac¬ 
teristic  magnetic  topology  of  a  CME. 

To  explain  the  BDPs  and  BDEs,  Marsden  et  aL  [1987]  and 
Gosling  et  aL  [1987],  respectively,  considered  the  bottle  and 
plasmoid  topologies  as  the  only  candidate  topologies,  and 
both  argued  in  favor  of  the  plasmoid  topology.  Furthermore, 
in  their  discussion  of  field  line  draping  around  fast  CMEs, 
Gosling  and  McComas  [1987]  explicitly  assumed  a  plasmoid 
topology  for  the  CME.  On  the  other  hand,  recent  modeling 
efforts  [Burlaga,  1988;  Marubashi,  1986]  have  assumed  that 
clouds  are  cylindrical  magnetic  flux  ropes,  consistent  with 
the  bottle  topology  of  Figure  1 .  Realistic  magnetic  geome¬ 
tries,  such  as  flux  ropes,  obviously  involve  field  lines  in¬ 
clined  to  the  ecliptic  plane.  However,  the  assumption  of 
such  geometries  will  not  change  the  basic  topologies  shown 
in  Figure  1.  ^ 

Open  field  topologies  have  not  been  considered  as  candi¬ 
dates  for  BDEs  and  BDPs.  However,  Barouch  and  Burlaga 
[1976]  showed  that  simple  azimuthal  variations  in  solar  wind 
speeds  can  produce  an  interplanetary  field  configuration  in 
which  field  lines  converge  with  radial  distance  to  produce  a 
magnetic  mirror  for  particles.  This  topology,  consisting  of 
field  lines  open  to  a  distance  beyond  the  region  of  conver¬ 
gence,  as  shown  in  Figure  1,  is  an  alternative  to  the  bottle 
and  plasmoid  topologies.  Although  Marsden  et  aL  [1987] 
briefly  considered  the  possibility  of  local  mirroring,  where 
local  means  a  size  scale  much  less  than  0.1  AU,  the  open 
field  configuration  has  apparently  not  been  considered  as  an 
explanation  for  particle  bidirectionality  since  the  work  of 
Palmer  et  aL  [1978].  A  special  case  of  the  open  topology 
arises  with  a  fast  mode  MHD  shock,  which  results  in  a  field 
convergence  behind  the  shock  front.  This  case  was  consid¬ 
ered  as  a  candidate  topology  by  Rao  et  aL  [1967]. 

BDEs  are  often  found  in  association  with  other  solar  wind 
signatures  of  CMEs  [Gosling  et  aL,  1987].  Gosling  [1990] 
argued  that  all  bidirectional  particle  events  are  signatures  of 
CMEs,  but  he  did  not  consider  the  possibility  that  some 
events  may  be  associated  with  the  open  field  topology  and 
hence  are  not  signatures  of  CMEs.  In  our  view,  the  deter¬ 
mination  of  the  topologies  of  the  magnetic  fields  associated 
with  BDPs  and  BDEs  remains  an  important  problem  for 
detecting  CMEs  as  well  as  for  understanding  the  develop¬ 
ment  of  solar  magnetic  fields. 

In  this  work  we  use  a  simple  technique  to  determine 
whether  the  plasmoid  structure  shown  in  Figure  I  is  charac¬ 
teristic  of  BDP  events.  If  SEPs  are  injected  into  interplane¬ 
tary  space  from  the  Sun  while  a  plasmoid  is  present  in  space, 
those  particles  should  be  excluded  from  the  region  of  the 
plasmoid,  as  shown  in  Figure  1.  The  subsequent  passage  of 
such  a  region  past  the  Esuth  should  therefore  be  accompa¬ 
nied  by  a  substantial  reduction  in  SEP  fluxes.  The  absence  of 
such  reductions  implies  that  we  can  then  rule  out  the 
plasmoid  topology  of  Figure  1.  Similarly,  the  observation  of 
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TABLE  I.  Bidirectional  Proton  Events  and  Associated  SEP  Events 


BDP  Event  Interval 

SEP  Event 

Date 

Time, 
hours  UT 

Flux 

Onset, 
hours,  UT 
(Date) 

Flare  Source 

Magnetic 

Class* 

1979  April  3 

00-07 

•  e,p’ 

4(3) 

M4/1B  0418  UT 

S23  W05 

2a 

1979  April  4 

16-24 

e,p 

4(3) 

same  as  above 

2b 

1980  Feb.  15 

23-23  (16) 

e.p 

22  (15) 

C5/-  2116  UT 

SIO  W71 

la,  ZB 

1980  April  I 

03-23 

e 

23  (30) 

C6/-  2242  UT 

NIO  W15 

2a 

1980  May  8 

12-20  (9) 

e 

14  (7) 

M4/-  1320  UT 

S22  W12 

lb 

1980  Aug.  19 

19-01  (21) 

e.P 

4(18) 

no  flare 

type  11  0130  UT 

la 

1980  Oct.  15 

06-21 

e,p 

7(15) 

M2/3N  0524  UT 

N21  E55 

2a 

1980  Dec.  20 

20-23 

e 

17  (20) 

C4/1B  1706  UT 

S20  W47 

3 

1981  March  7 

18-22 

e.p 

<14  (7) 

M2/-N  0630  UT 

S22  W79 

2a 

1981  April  8 

21-09  (9) 

e.p 

18  (8) 

M5/1B  1638  UT 

NIO  W06 

3 

1981  July  18 

00-06  (19) 

e 

18  (17) 

unknown 

la 

1981  Nov.  20 

20-23 

e 

16  (20) 

C8/-B  1530  UT 

S20  W53 

3 

1981  Nov.  21 

084)8  (22) 

e 

4(22) 

MI/IB  0323  UT 

S20  W74 

2b 

1982  Jan.  31 

17-23 

e,p 

1  (31) 

X1/2B  2344  UT 
S14E13 

la 

1982  Feb.  9 

12-24 

e,p 

13  (8) 

Xi/IB  1223  UT 

S15  W88 

lb 

1982  Feb.  12 

004)6(13) 

e,P 

22  (12) 

M3/-B  2158  UT 

SI2  W22 

la,  ZB 

*ZB:  magnetic  clouds  of  Zhang  and  Burlaga  [1988].  la:  events  vi^ith  rotational  magnetic  signatures 
characteristic  of  magnetic  clouds  and  associated  with  interplanetary  shocks,  lb:  same  as  la,  but 
without  shocks.  2a:  events  without  rotational  magnetic  signature  characteristic  of  magnetic  clouds  and 
associated  with  interplanetary  shocks.  2b:  same  as  2a,  but  without  shocks.  3:  events  without  clear 
isolated  magnetic  structure  identified. 


promptly  arriving  SEPs  at  the  Earth  while  the  Earth  is 
embedded  within  a  BDP  region  is  inconsistent  with  the 
plasmoid  topology.  A  jpreliminary  version  of  this  work  was 
published  by  Kahler  and  Reames  [1990]. 

2.  Data  Analysis 

We  examined  energetic  particle  data  from  the  Goddard 
Space  Flight  Center  (GSFC)  experiment  [von  Rosenvinge  et 
aL,  1978]  on  the  ISEE  3  spacecraft  at  the  times  of  all  the 
BDP  events  in  the  list  of  Marsden  et  aL  [1987].  We  selected 
those  periods  during  which  the  0.2-  to  2.0-MeV  electron 
cind/or  the  22-  to  27-MeV  proton  fluxes  were  enhanced  above 
background  due  to  the  occurrence  of  a  prompt  SEP  event. 
The  GSFC  particle  data  were  not  available  from  August  14, 
1979,  to  January  25,  1980.  The  36  BDP  events  with  associ¬ 
ated  prompt  SEP  events  were  divided  into  three  classes 
defined  as  follows:  (1)  the  occurrence  of  the  SEP  event 
appeared  to  precede  the  solar  origin  of  the  BDP  region  (7 
events);  (2)  the  SEP  event  appeared  to  arise  in  the  same  solar 
event  that  resulted  in  the  BDP  region  (13  events);  and  (3)  the 
SEP  event  appeared  to  follow  the  origin  of  the  BDP  region 
(16  events).  In  each  case  we  assumed  that  the  BDP  region 
resulted  from  an  eruptive  solar  event  about  2-4  days  before 
the  BDP  region  was  observed  at  the  Earth.  Most  SEP  events 


included  0.2-  to  2.0-MeV  electrons,  the  onsets  of  which  were 
used  to  constrain  the  associated  flare  timings  to  within  15 
min. 

Let  us  consider  what  the  SEP  signatures  at  1  AU  might  be 
for  the  three  classes.  If  open  field  lines  are  populated  with 
SEP  particles  before  the  formation  of  a  plasmoid,  we  might 
expect  only  minor  differences  between  the  SEP  populations 
inside  and  outside  the  plasmoid.  Hence  the  class  1  events  are 
not  particularly  useful  in  detecting  plasmoids.  Most  of  the 
events  of  class  2  follow  the  interplanetary  shocks  associated 
with  SEP  flares.  They  may  or  may  not  be  populated  with 
SEP  particles  at  the  time  of  the  plasmoid  formation,  depend¬ 
ing  on  the  location  of  the  particle  acceleration  region.  Class 
2  events  may  serve  to  identify  a  plasmoid,  but  this  is  not 
clear.  In  class  3  events,  SEPs  are  released  at  the  Sun  after 
the  plasmoid  has  already  formed.  In  that  case  the  SEPs 
should  be  excluded  from  the  plasmoid,  as  shown  in  Figure  1 , 
resulting  in  a  substantial  drop  of  SEP  fluxes  when  the 
plasmoid  reaches  1  AU.  These  16  SEP  events  should  there¬ 
fore  provide  the  best  test  cases  for  the  presence  of  interplan¬ 
etary  plasmoids. 

The  16  BDP  and  SEP  events  of  class  3  are  listed  in  Table 
1.  In  the  first  two  columns  we  give  the  dates  of  the  starts  of 
the  BDP  events  followed  by  the  start  and  stop  times  as  given 
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Fig.  2.  The  BDP  event  of  October  15,  1980.  The  onset  of  a  SEP 
event  occurs  during  the  BDP  event.  This  BDP  followed  a  geomag¬ 
netic  sudden  commencement  (sc)  indicated  by  the  top  arrow. 


by  Marsden  et  aL  [1987].  For  the  accompanying  SEP  event 
we  indicate  whether  enhanced  fluxes  of  0.2-  to  2-MeV 
electrons  (e)  or  22-  to  27-MeV  protons  (p)  were  observed. 
The  hour  and  date  of  the  particle  event  onset  is  followed  by 
the  solar  flare  associated  with  the  SEP  event.  The  flare  X  ray 
and  Ha  peak  brightness  and  Ha  maximum  time  are  given  in 
the  first  line  of  each  entry,  and  the  solar  coordinates  of  the 
flare  in  the  second  line.  In  the  last  column  we  also  note  the 
classifications  of  events  by  Marsden  et  at.  [1987]  and  Zhang 
and  Burlaga  [1988]. 

We  examined  the  >l-MeV  and  22-  to  27-MeV  proton 
fluxes  and  0.2-  to  2-MeV  electron  fluxes  at  the  times  of  all 
BDP  events.  In  none  of  the  events  of  any  class  did  we  see  a 
substantial  decline  and  subsequent  increase  of  SEP  fluxes 
matching  the  start  and  end  of  the  associated  BDP  event. 
Since  many  of  the  BDP  events  closely  followed  shocks, 
there  was  sometimes  a  sharp  decline  in  SEP  fluxes  near  the 
event  onset,  but  the  SEP  fluxes  did  not  increase  again  at  the 
end  of  the  BDP  event.  We  attribute  the  SEP  flux  modulation 
in  these  events  to  the  effects  of  the  shocks. 

We  present  three  examples  of  our  class  3  events.  In  the 
first,  shown  in  Figure  2,  a  3N  flare  at  N21  E55  on  October  15, 
1980,  was  associated  with  a  SEP  event  which  began  during 
the  BDP  event.  The  fluxes  increased  to  a  broad  maximum  at 
the  end  of  the  BDP  event,  showing  little  change  at  that  time. 
In  the  second  example,  shown  in  Figure  3,  the  SEP  event 
was  associated  with  a  2B  flare  at  S14  E13  on  January  30, 
1982.  In  this  case  the  SEP  fluxes  showed  no  modulation  at 
either  the  beginning  or  the  end  of  the  BDP  event.  We  show 
at  the  top  of  Figure  3  the  magnetic  field  magnitude  and  8,  the 
inclination  of  the  field  vector  out  of  the  ecliptic.  Although  the 
gradual  rotation  of  the  field  from  south  of  the  ecliptic  at  1300 
UT  on  January  31  to  north  at  2200  UT  is  a  characteristic 
signature  of  magnetic  clouds,  this  period  was  not  selected  as 
a  cloud  by  Zhang  and  Burlaga  [1988],  probably  because  of 
its  relatively  short  duration  (*-10  hours). 

In  the  third  example,  shown  in  Figure  4,  two  solar  electron 
events  occurred  during  the  February  12,  1982,  BDP  event, 
which  was  also  listed  as  a  magnetic  cloud  by  Zhang  and 
Burlaga  [1988].  The  cloud  followed  a  geomagnetic  sudden 
commencement  (sc),  shown  in  the  top  panel.  The  low-energy 


proton  (35-56  keV)  fluxes  of  this  event  were  analyzed  by 
Sanderson  et  aL  [1990/?].  They  found  a  sharp  decrease  in 
these  fluxes  at  about  2300  UT  on  February  1 1  in  association 
with  a  magnetic  discontinuity  marking  the  onset  of  the  BDP 
event.  This  is  an  example  of  a  substantial  modulation  of 
low-energy  interplanetary  particle  fluxes  by  magnetic  struc¬ 
tures.  However,  these  fluxes,  which  probably  originated  in 
the  preceding  interplanetary  shock,  cannot  be  attributed  to  a 
solar  event  and  do  not  carry  the  information  about  the 
magnetic  topology  which  we  can  derive  from  SEPs.  Another 
event  of  Table  1  is  shown  in  our  earlier  paper  [Kahler  and 
Reames,  1990].  In  that  event,  on  April  3,  1979,  a  SEP  onset 
occurred  near  the  middle  of  a  BDP  event. 

3.  Discussion 

Both  Marsden  et  aL  [1987]  and  Gosling  et  aL  [1987]  have 
argued  that  the  magnetic  fields  in  bidirectional  particle 
events  must  be  closed,  and  both  favored  the  plasmoid 
topology.  If  we  accept  the  idea  of  a  closed  field  topology,  our 
results  argue  strongly  against  the  plasmoid  topology.  We  find 
no  cases  that  suggest  that  particles  are  excluded  from  a 
region  of  interplanetary  space. 

If  we  assume  an  interplanetary  field  of  IO7,  the  gyroradii 
of  the  0.2-  to  2.0-MeV  electrons  and  the  22-  to  27-MeV 
protons  are  5  orders  of  magnitude  and  3  orders  of  magnitude, 


Fig.  3.  The  BDP  event  of  January  3 1 ,  1982.  The  lop  panel  shows 
the  B  field  intensity  and  the  inclination  of  the  field  vector  to  the 
ecliptic  plane.  The  SEP  event  began  before  the  BDP  event.  SEP 
fluxes  showed  no  modulation  at  the  time  of  the  BDP. 
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Fig.  4.  The  BDP  and  magnetic  cloud  event  of  February  12, 
1982.  Two  solar  electron  events  occurred  during  the  BDP  event.  The 
top  panel  shows  the  B  field  intensity  and  the  inclination  of  the  field 
vector  to  the  ecliptic  plane.  The  time  of  an  sc  is  indicated  in  the  top 
panel. 


respectively,  smaller  than  the  characteristic  sizes  of  the 
inferred  plasmoids.  Thus  even  with  substantial  cross-field 
diffusion,  a  plasmoid  should  reveal  itself  with  a  strong 
decrease  in  SEP  fluxes. 

It  is  undoubtedly  unrealistic  to  suppose  that  a  large  region 
of  space  is  completely  magnetically  isolated  from  its  sur¬ 
roundings,  since  this  would  require  a  very  highly  ordered 
geometry  in  the  magnetic  reconnection  site  near  the  Sun.  It 
is  more  likely  that  a  tightly  wound  helix  forms  with  the  ends 
of  the  helix  connected  back  to  the  Sun,  as  shown  in  Figures 
16  and  17  of  Gosling  [1990],  Even  in  this  case,  only  a  small 
number  of  field  lines  provide  access  for  the  SEPs  to  the  large 
volume  of  the  magnetic  helix.  This  suggests  that  we  may  see 
a  small  population  of  SEPs  in  the  helix,  but  the  SEP  event 
onsets  and  maxima  should  be  substantially  delayed  when 
they  occur  in  the  helix,  and  the  helix  fluxes  should  be 
reduced  from  those  outside  the  helix,  contrary  to  what  is 
observed. 

The  three  kinds  of  magnetic  topology  that  could  explain 
the  bidirectional  particle  events  are  shown  schematically  in 
Figure  1.  The  open  configuration,  in  which  bidirectional 
fluxes  result  from  reflection  or  injection  behind  a  shock  [Rao 
et  ai,  1967]  or  from  a  compressed  region  of  interplanetary 
field  [Barouch  and  Burlaga,  1976],  has  not  been  considered 
in  recent  studies.  Our  SEP  observations  are  consistent  with 


such  a  topology,  which,  of  course,  does  not  require  a  CME 
for  its  formation. 

We  can  use  the  results  of  recent  comparisons  of  magnetic 
clouds  and  Forbush  decreases  [Badruddin  et  aLy  1986; 
Zhang  and  Burlaga  y  1988;  Sanderson  et  al.y  1990a]  to 
complement  our  use  of  SEPs  as  probes  of  the  magnetic 
topology.  The  goal  of  these  studies  was  to  determine 
whether  the  postshock  turbulent  region  or  the  magnetic 
cloud  is  responsible  for  the  Forbush  decreases  observed  in 
the  neutron  monitor  counts.  We  can  treat  the  cosmic  rays  as 
a  population  of  particles  from  a  source  in  an  antisolar 
direction  and,  again  assuming  limited  cross-field  diffusion, 
ask  whether  those  particles  will  have  access  to  the  topolog¬ 
ical  regions  shown  in  Figure  1. 

If  either  the  bottle  or  the  plasmoid  topology  of  Figure  1 
characterizes  the  cloud,  we  should  expect  a  depression  of 
the  cosmic  ray  fluxes  in  the  cloud,  since  the  closed  field  lines 
originate  in  the  Sun  and  are  not  directly  accessible  to  the 
outer  solar  system  source  of  the  cosmic  rays.  In  contrast  to 
the  case  with  SEPs,  the  cosmic  rays  would  have  2-3  days 
during  which  they  could  diffuse  into  the  bottle  or  plasmoid 
before  it  is  observed  at  Earth.  The  cosmic  ray  rigidities  are 
an  order  of  magnitude  larger  than  those  of  the  22-  to  27-MeV 
protons  of  our  study,  but  the  cosmic  ray  gyroradii  are  still  2 
orders  of  magnitude  less  than  the  inferred  magnetic  cloud 
radii. 

The  general  result  [Sanderson  et  al.y  1990a]  is  that  the  first 
step  of  the  decrease  is  associated  with  the  postshock  turbu¬ 
lent  region  and  the  second  step  with  the  passage  of  the  cloud. 
The  msiximum  decrease  occurs  shortly  after  (—4  hours)  the 
arrival  of  the  cloud  and  may  be  due  to  the  tangential 
discontinuity  between  the  cloud  and  the  preceding  turbulent 
region.  The  small  decreases  (<5%)  and  the  gradual  in¬ 
creases,  rather  than  decreases,  in  galactic  cosmic  ray  fluxes 
as  the  Earth  moves  further  into  the  cloud  appear  to  be 
inconsistent  with  the  closed  topologies  of  the  plasmoid  and 
the  bottle.  In  addition,  Badruddin  et  al.  [1986]  found  cases 
with  no  appreciable  decrease  in  cosmic  ray  intensity  with 
shock-associated  clouds.  This  was  also  generally  the  case  for 
clouds  associated  with  cold  magnetic  enhancements,  rather 
than  with  shocks. 

We  suggest  that  while  the  bidirectional  particle  fluxes 
observed  by  Marsden  et  al.  [1987]  and  Gosling  et  aL  [1987] 
are  an  effective  tool  for  examining  the  geometrical  properties 
of  the  magnetic  field,  such  as  the  field  direction  or  diver¬ 
gence,  those  fluxes  cannot  determine  the  field  topology,  i.e., 
the  large-scale  connections  of  the  field  lines.  The  fact  that 
clouds,  BDPs,  and  BDEs  are  nearly  transparent  to  SEPs  and 
cosmic  rays  suggests  that  we  are  not  dealing  with  closed  field 
structures.  If  we  believe  that  the  CME  magnetic  field  topol¬ 
ogy  must  be  closed,  then  BDPs  and  BDEs  art  not  exclu¬ 
sively  signatures  of  CMEs.  On  the  other  hand,  if  CMEs  are 
characterized  by  open  field  topologies,  a  serious  revision  of 
our  view  of  magnetic  fields  in  CMEs  may  be  necessary. 
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Multiple  Heliospheric  Current  Sheets  and  Coronal  Streamer  Belt  Dynamics 

N.  U.  Crooker,^  G.  L.  Siscoe,^  S.  Shodhan,^  D.  F.  Webb,^ 

J,  T.  GoSUNG,^  AND  E.  J.  Smith^ 


The  occurrence  of  multiple  directional  discontinuities  in  the  coronal  streamer  belt  at  sector 
boundary  crossings  in  the  heliosphere,  often  ascribed  to  waves  or  kinks  in  the  heliospheric  current 
sheet,  may  alternatively  be  attributed  to  a  network  of  extended  current  sheets  from  multiple 
helmet  streamers  with  a  hierarchy  of  sizes  at  the  base  of  the  corona.  FVequent  transient  outflows 
from  these  helmets  can  account  for  a  variety  of  signatures  observed  at  sector  boundaries,  including 
ordered  field  rotations,  planar  magnetic  structure,  and  sandwichlike  plasma  structure. 


1.  Introduction 

Throughout  most  of  the  solar  cycle,  the  coronal  streamer 
belt  extends  into  interplanetary  space  from  an  arcade  of  hel¬ 
met  streamers  encircling  the  Sun  [e.g.,  Hundhausen,  1977]. 
As  the  solar  wind  draws  the  solar  magnetic  field  outward, 
the  coronal  streamer  belt  becomes  the  boundary  between  the 
regions  of  northern  and  southern  solar  polarity  and  thus  the 
location  of  the  heliospheric  current  sheet,  or  sector  bound- 
aury  [e.g.,  Schulz,  1973;  Svaigaard  et  aL,  1975;  Saito,  1975; 
Alfven,  1977;  Smith  et  at.,  1978;  Thomas  and  Smith,  1981]. 

A  number  of  papers  published  mainly  in  the  early  eight¬ 
ies  present  detailed  studies  of  spacecraft  data  across  the 
streamer  belt.  The  present  paper  offers  a  new  interpre¬ 
tation  of  their  results.  Section  2  reviews  the  published 
streamer  belt  properties,  section  3  describes  the  new  con¬ 
ceptual  model  that  organizes  them,  section  4  presents  a  case 
study  of  a  typical  sector  boundary  crossing  in  terms  of  the 
new  model,  and  section  5  summarizes  the  models  features 
and  implications, 

2.  Streamer  Belt  Properties 

The  concept  of  the  coronal  streamer  belt  as  a  sheath 
surrounding  the  heliospheric  current  sheet  in  interplane¬ 
tary  space  received  substantial  support  from  studies  of  the 
plasma  characteristics  near  sector  boundary  crossings...  Al¬ 
though  the  plasma  is  usually  highly  structured  on  a  time 
scale  of  hours,  on  the  scale  of  a  solar  rotation  it  has 
low-speed,  high-density,  low-temperature,  low-helium  abun¬ 
dance,  and  high-oxygen  freezing-in  temperatures  [Borrini 
et  aL,  1981;  Feldman  et  oL,  1981;  Gosling  et  ai,  1981], 
consistent  with  streamer  characteristics.  The  density  struc¬ 
ture  contains  a  high  incidence  of  noncompressive  density 
enhancements,  also  consistent  with  streamer  origin  [Gosling 
et  ai,  1977;  Feldman  et  aL,  1981]. 
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The  magnetic  field  across  the  coronal  streamer  belt  is  also 
highly  structured  most  of  the  time,  with  many  directional 
discontinuities  occurring  on  a  hierarchy  of  time  scales  [e.g., 
Klein  and  Buriaga,  1980;  Behannon  et  ai,  1981].  Efforts  to 
determine  the  orientation  of  the  imbedded  heliospheric  cur¬ 
rent  sheet  with  minimum  variance  analysis  are  thwarted  by 
the  variability  of  boundary  normal  directions  from  one  dis¬ 
continuity  to  the  next  and  by  the  problem  of  deciding  which 
discontinuities  are  heliospheric  current  sheet  crossings.  Im¬ 
plicit  in  the  statement  of  the  latter  problem  is  the  assump¬ 
tion  that  although  current  sheets  associated  with  limited 
structures  are  common  in  the  solar  wind,  the  heliospheric 
current  sheet  is  special  because  it  forms  a  single  surface 
that  is  continuous  on  a  global  scale.  This  paper  offers  an 
alternative  view. 

Several  approaches  have  been  taken  to  overcome  the  diffi¬ 
culties  of  analyzing  heliospheric  current  sheet  structure.  For 
example,  Klein  and  Buriaga  [1980]  treat  the  sheet  as  the 
entire  region  between  periods  of  stable,  opposite  polarity. 
Thus,  according  to  their  definition,  the  current  sheet  can 
be  thick.  To  determine  the  orientation  of  a  particular  sheet, 
they  apply  minimum  variance  analysis  across  the  entire  tran¬ 
sition  region.  Villante  and  Bruno  [1982]  restrict  their  study 
to  well-defined,  thin  heliospheric  current  sheet  crossings  and 
also  use  minimum  variance  analysis.  Eselevich  and  Filippov 
[1988]  plot  hourly  averages  of  magnetic  field  longitude  ^ 
against  latitude  0  across  thick  current  sheets  and  obtain 
their  orientations  by  treating  the  traces  as  latitude  circles 
on  a  sphere  with  an  axis  of  arbitrary  orientation.  Behannon 
et  al,  [1981]  analyze  ail  of  the  discontinuities  with  angular 
changes  greater  than  120°  in  the  sector  boundary  region  and 
suggest  that  each  is  a  heliospheric  current  sheet  crossing. 
They  demonstrate  that  most  discontinuities  within  the  re¬ 
gion  have  large  angular  changes,  unlike  the  angular  changes 
in  a  random  selection  of  discontinuities. 

Two  major  findings  from  these  studies  highlight  gaps  in 
our  understanding  of  heliospheric  current  sheet  structure. 
The  first  concerns  the  orientations  of  the  normals  to  the  nu¬ 
merous  discontinuity  surfaces  in  each  sector  boundary  re¬ 
gion.  The  global  current  sheet  orientations  obtained  by 
Klein  and  Buriaga  [1980]  with  minimum  variance  analysis 
across  the  entire  region  of  multiple  discontinuities  in  thick 
current  sheets  tend  to  be  aligned  with  the  Parker  spiral  and 
inclined  like  the  neutral  line  on  coronal  field  maps.  Yet 
the  individual  discontinuity  orientations  within  each  region 
display  considerable  scatter  about  the  global  orientation. 
Behannon  et  ai.  [1981]  show  that  a  histogram  of  the  lat¬ 
itude  angle  9^  of  105  discontinuity  normals  across  13  sec- 
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tor  boundary  regions  is  essentially  flat  when  normalized  by 
solid  angle.  The  histogram  of  their  longitude  angles  4>i\/ 
peaks  between  the  ortho-Parker-spiral  and  radiai  directions. 
Except  in  a  few  cases,  successive  discontinuities  show  no  co¬ 
herence  suggesting  waves.  Of  course,  partial  immersions  of 
the  spacecraft  into  a  wavy  current  sheet  preclude  wave  anal¬ 
ysis.  However,  even  to  fit  waves  to  the  normads  in  the  few 
coherent  cases,  one  must  assume  large  wave  amplitudes  and 
short  wavelengths.  Befaannon  et  al.  mention  that  the  vari¬ 
ability  in  normal  orientations  could  be  caused  by  small-scale 
flux  tube  structures,  an  argument  pursued  in  this  paper,  but 
they  favor  instead  an  interpretation  of  small-scale  fluctua¬ 
tions  of  a  single  boundary  surface.  Klein  and  Buriaga  [1980, 
p.  2269]  agree  with  the  results  of  earlier  studies  that  the  in¬ 
ternal  structure  of  sector  boundaries  is  very  complex,  and 
they  And  ‘hio  uniform  way  to  describe  it." 

The  second  major  finding  points  to  ambiguity  regarding 
the  interpretation  of  magnetic  field  rotations  through  the 
heliospheric  current  sheet.  In  analyses  across  both  thick 
and  thin  sector  boundaries,  Klein  and  Buriaga  [1980],  Vil- 
lante  and  Bruno  [1982],  and  Eselevich  and  Filippov  [1988] 
commonly  found  smooth  field  rotations  with  constant  field 
magnitude  in  the  plane  of  the  current  sheet.  Eselevich  and 
Filippov  [1988]  propose  that  the  rotations  result  from  mag¬ 
netic  field  skewing  in  the  coronal  streamer  belt.  Klein  and 
Buriaga  [1982],  2  years  after  their  first  paper,  reclassified 
three  of  their  seven  thick  sector  boimdary  crossings  with  pro- 
notmced  field  rotations  as  magnetic  clouds  preceding  stream 
interaction  regions.  Magnetic  clouds  are  usually  interpreted 
as  flux  ropes  in  coronal  mass  ejections  (CMEs)  [e.g.,  Gold¬ 
stein,  1983;  Marvbashi,  1986;  Buriaga,  1988;  Gosling,  1990]. 
Minimum  variance  analysis  through  clouds  yields  normals 
with  ranging  from  the  radial  to  the  ortho-Parker-spiral 
direction  [Klein  and  Buriaga,  1982],  like  those  for  the  dis¬ 
continuity  normals  in  sector  boundaries.  For  a  flux  rope, 
the  normal  points  perpendicular  to  the  rope  axis  [Goldstein, 
1983]. 

Schwenn  [1990]  notes  that  the  idea  of  magnetic  clouds  at 
sector  boundaries  is  in  essence  what  Rosenberg  and  Cole¬ 
man  [1980]  proposed  in  a  draft  of  their  paper  to  explain 
observations  of  field  rotations  there.  They  suggested  that 
magnetic  loops  form  by  reconnection  between  the  antiparal¬ 
lel  fields  across  the  heliospheric  current  sheet.  However,  the 
published  version  offers  an  alternative  explanation  in  terms 
of  a  pure,  stream-interaction-region  effect.  It  is  difficult  to 
separate  field  rotations  caused  by  interaction  regions  from 
those  of  solar  origin  in  the  coronal  streamer  belt  because  of 
their  close  proximity. 

Another  type  of  field  rotation  that  lacks  a  full  explana¬ 
tion  is  planar  magnetic  structure  [Nakagawa  et  ai.,  1989], 
identified  by  a  sine  wave  signature  on  a  ^-0  plot  of  high 
time  resolution  data.  Nakagawa  [1993]  reports  on  a  class 
of  recurrent  planar  magnetic  structures  located  near  sector 
boundaries,  where  the  great  circle  outlined  by  the  magnetic 
field  vectors  often  lies  in  the  plane  of  the  heliospheric  current 
sheet,  consistent  with  the  streamer  belt  signatures  found  by 
Eselevich  and  Filippov  [1988]  with  hourly  averages.  How¬ 
ever,  planar  magnetic  structures  differ  in  a  fundamental  way 
from  the  rotations  documented  by  Klein  and  Buriaga  [1980] 
and  Villante  and  Bruno  [1982].  The  sine  waves  on  the  ^-0 
plots  form  not  by  a  gradual  change  in  magnetic  field  ori¬ 
entation  across  the  sector  boundary  region  but  rather  by 
a  random  series  of  discontinuous  changes  in  field  orienta¬ 


tion  within  the  plane  of  the  current  sheet.  Nakagawa  et 
aL  [1989]  interpret  planar  magnetic  structure  as  a  series  of 
small,  parallel  magnetic  tongues  and/or  loops  that  close  on 
themselves.  Neugebauer  et  al,  [1993]  disagree  with  this  in¬ 
terpretation  because  their  observations  of  planar  magnetic 
structure  show  no  bidirectional  streaming  of  suprathermal 
electrons  thought  to  be  characteristic  of  closed  field  config¬ 
urations  [e.g..  Gosling,  1990].  Neugebauer  et  al.  [1993]  find 
that  planar  magnetic  structures  commonly  precede  coronal 
mass  ejections  and  ascribe  them  to  draping  of  disordered 
fields  about  the  ejections.  Minimum  variance  analysis  across 
the  discontinuities  in  planar  magnetic  structure  yields  nor¬ 
mals  with  <t>r^  ranging  from  the  radial  to  the  ortho-Parker- 
spiral  direction  [Nakagawa,  1993;  Neugebauer  et  al.,  1993], 
the  same  as  for  sector  boundary  discontinuities  and  mag¬ 
netic  clouds. 

This  paper  proposes  a  model  of  the  coronal  streamer  belt 
that  helps  to  integrate  the  many  views  and  order  the  com¬ 
plex  observational  results  discussed  above. 

3.  A  Model  of  the  Coronal  Streamer  Belt 
3,1.  Multiple  Currrent  Sheets 

Eddy  [1973]  notes  that  a  coronal  ray  in  a  1922  eclipse  pho¬ 
tograph  extends  outward  from  a  twin-arch  helmet  streamer 
associated  with  two  distinct  chromospheric  active  regions. 
Eddy  [1973,  p.  393]  interprets  it  as  a  current  sheet  viewed 
edge-on  and  concludes  that 

a  single  large  helmet  streamer  can  be  formed  by  the  con¬ 
fluence  of  open  field  lines  from  two  widely  separate  bipolar 
magnetic  regions,  each  of  which  forms  its  own  system  of  high, 
closed-field  arches — As  the  surface  of  the  Sun  displays  a  hier¬ 
archy  of  granules  and  super-granules,  so  apparently  does  the 
corona  consist  of  both  simple  and  conglomerate  streamers. 
Helmet  streamers  are  often  noted  to  extend  over  ranges  of 
50°  or  more  in  heliocentric  latitude,  and  it  may  be  that  more 
of  these  than  are  first  apparent  are  twin-arch  streamers  which 
tie  together  smaller  magnetic  substructures  of  streamer  size. 

A  magnetic  topology  for  a  twin-arch  helmet  streamer  is 
sketched  in  Figure  la.  The  central  current  sheet,  aligned 
with  the  coronal  ray  in  Eddy^s  [1973]  case,  is  flanked  by 
two  additional  current  sheets,  one  from  each  helmet  dome. 
These  were  not  visible  in  Eddy's  case,  presumaiDly  because 
of  lower  density  or  temperature  at  their  base,  but  they  are 
required  by  the  antiparallel  fields  on  either  side.  Figure  16 
generalizes  the  special  configxiration  of  Figure  la  to  a  broad 
region  of  multiple  helmet  streamers  covering  a  wide  range  of 
latitude.  It  represents  the  third  state  in  a  progression  from  a 
single  helmet  spanning  the  closed  field  line  region  of  the  Sun, 
as  in  the  Pneuman  and  Kopp  [1971]  model,  to  the  double 
helmet  in  Figure  la,  to  Figure  16.  Thus  it  represents  a  pro¬ 
gression  from  a  single  heliospheric  current  sheet,  to  a  triple 
current  sheet,  to  multiple  current  sheets.  The  two  helmets 
at  the  highest  latitudes  are  larger,  as  expected  for  traditional 
helmet  streamers  overlying  quiescent  prominences,  while  the 
smaller  helmets  (we  use  the  term  indiscriminately)  span  the 
active  regions  at  lower  latitudes. 

With  Figure  16  as  a  model,  we  propose  that  in  some  cases 
what  appear  as  multiple  crossings  of  a  single,  fluctuating 
current  sheet  [e.g.,  Villante  et  al.,  1979;  Behannon  et  ai, 
1981;  Gosling  et  ai,  1981]  are  instead  crossings  of  multiple 
current  sheets  originating  from  small-scale  helmet  structures 
on  the  sun.  If  the  multiple  helmets  are  small  in  the  direction 
normal  to  the  plane  of  Figure  16  as  well,  the  distribution  of 
the  elevation  angles  of  the  normals  to  the  current  sheets 
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Fig.  1.  Multiple  current  sheets  (heavy  lines)  in  the  streamer 
belt  required  by  magnetic  topologies  with  more  than  one  hel¬ 
met  streamer  at  the  base,  (a)  double  helmets,  after  Eddy  (1973|; 
(6)  multiple  small  helmets  covering  a  large  belt  of  active  regions 
bordered  by  larger  helmets  over  high-latitude  filaments. 


will  be  broad,  as  observed.  In  this  view,  the  coronal  streamer 
belt  consists  of  bundles  of  flux  tubes  of  opposite  polarity  sep¬ 
arated  by  current  sheets  of  finite  latitudinal  and  longitudinal 
extent.  Applying  Eddy's  [1973]  arguments,  most  likely  the 
bundles  have  a  broad  hierarchy  of  sizes. 

3.2.  Field  Rotations 

To  explain  the  observations  on  field  rotations  in  the  coro¬ 
nal  streamer  belt,  we  add  time  dependence  to  the  steady 
state  picture  in  Figure  lb.  The  best  documented,  time- 
dependent  structure  that  rises  out  of  the  streamer  belt  is  the 
coronal  mass  ejection.  CMEs  are  large-scale  structures  that 
appear  to  have  a  lower  limit  on  their  spatial  scale  [Hund- 
hausen,  1993].  To  form  a  CME,  one  of  the  small  helmets 
in  Figure  16  may  expand  to  fill  the  streamer  belt  base  and 
then  lift  off,  as  in  a  case  reported  by  Hundhausen  [1988]. 
The  magnetic  configuration  within  the  rising  helmet,  as  it 


travels  outward  along  the  sector  boundary,  can  cause  large- 
scale  field  rotations  in  the  following  way. 

Figure  2a  illustrates  a  likely  magnetic  topology  for  a  hel¬ 
met  streamer  [e.g.,  Hundhausen,  1988].  The  outer  contour 
is  an  arcade  of  helmet  arches,  viewed  nearly  at  right  angles 
from  the  views  in  Figure  1.  The  arcade  overlies  the  elongated 
arch  of  a  prominence  (filament)  field,  and  the  transition  in 
field  orientation  from  the  arcade  to  the  prominence  occurs 
gradually  with  a  series  of  concentric  arcades  of  decreasing 
height  and  increasing  skew.  (The  figure  linearizes  the  tran¬ 
sition,  ignoring  the  fact  that  most  of  the  skew  occurs  low  in 
the  corona,  close  to  the  prominence.) 

If  the  structure  in  Figure  2a  expands  into  the  heliosphere 
as  a  CME,  it  will  create  three  different  rotational  signa¬ 
tures,  depending  upon  how  a  spacecraft  passes  through  it 
and  whether  reconnection  changes  the  magnetic  topology. 
To  discuss  the  geometry,  we  let  x  be  the  radially  outward 
direction  and  y  be  the  direction  of  corotation.  If  the  struc¬ 
ture  expands  radially  outward  and  passes  over  a  spacecraft 
with  speed  14,  the  spacecraft  will  observe  a  field  rotation  of 
90° ,  from  the  top  of  the  outermost  helmet  arcade  orientation 
in  the  negative  y  direction  to  the  prominence  orientation  in 
the  z  direction,  as  pictured  by  the  solid  arc  in  the  hodogram 
in  Figure  26.  Minimum  variance  analysis  would  give  a  ra¬ 
dial  normal  (x-di reeled).  To  obtain  the  full  180°  rotation 
completed  by  the  dashed  arc  in  Figure  26,  as  is  usually  ob¬ 
served  in  magnetic  clouds  [e.g.,  Klein  and  Burlaga,  1982], 


(b)  RADIAL  EXPANSION  (c)  COROTATION 
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Fig.  2.  (a)  Diagram  of  sheared  magnetic  structure  of  a  helmet 
streamer.  Nested,  arched  field  lines  are  progressively  shifted  in 
orientation  by  a  total  of  90°,  from  the  core  field  of  the  promi¬ 
nence  (filament)  to  the  overlying  helmet  arcade.  Hodograms  of 
magnetic  field  variations  for  (6)  radial  expansion  and  (c)  corota¬ 
tion  of  the  structure  past  a  spacecraft  are  shown  below.  In  Figure 
26,  rotation  by  180°  is  achieved  only  if  reconnection  sunward  of 
the  prominence  field  occurs,  to  form  a  flux  rope. 
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one  must  invoke  reconnection  simward  of  the  prominence 
field  to  form  a  flux  rope  with  positive  y  fields  on  the  back 
side  [e.g.,  Crooker  et  aL,  1990;  Gosling,  1990]. 

Alternatively,  if  the  streamer  belt  (x-z)  plane  is  highly 
inclined  so  that  the  ecliptic  plane  is  the  x-y  plane,  and  the 
leading  edge  of  the  structure  of  Figure  2a  passes  beyond 
the  heliocentric  distance  of  a  spacecraft  before  encounter, 
the  structure  will  corotate  past  the  spacecraft  with  speed 
Vy  As  Figure  2c  illustrates,  corotation  yields  a  180°  rotation 
without  reconnection.  The  field  rotates  in  the  plane  of  the 
streamer  belt,  from  one  side  of  the  outermost  helmet  arcade 
in  the  x  direction,  to  the  z-directed  prominence  field,  to 
the  other  side  of  the  outermost  arcade  in  the  negative  x 
direction.  Minimum  variance  analysis  along  this  trajectory 
gives  a  normal  in  the  y  direction,  perpendicular  to  the  plane 
of  the  streamer  belt. 

With  the  magnetic  structure  in  Figxire  2a  moving  outward 
through  the  coronal  streamer  belt  as  a  CME,  one  can  explaun 
all  of  the  large-scale  rotational  features  described  in  section 
2.  In  terms  of  the  findings  by  Klein  and  Burlaga  [1982], 
Figure  2b  (with  reconnection)  applies  to  CME-  and  shock- 
associated  magnetic  clouds,  which  have  radially  aligned  nor¬ 
mals,  and  Figure  2c  to  clouds  preceding  interaction  regions, 
which  have  normals  perpendicular  to  the  Parker  spiral.  Fig¬ 
ure  2  implies  that  the  former  expanded  radially  over  the 
spacecraft  while  the  latter  corotated  past  it.  Thus  we  as¬ 
sociate  all  cloud  categories  with  CMEs.  Figure  2c  also  ap¬ 
plies  to  the  many  reports  of  smooth  rotations  across  sector 
boundaries.  The  further  the  leading  edge  of  the  structure 
passes  beyond  the  spacecraft  orbit  at  the  time  of  corotation 
past  it,  the  less  skew  there  will  be,  until  ail  that  remains 
are  the  legs  of  the  CME  with  antiparallel  fields.  This  range 
of  possibilities  provides  a  continuum  of  signatures  from  a 
smooth  rotation  to  an  abrupt  change  in  polarity. 

The  multiple  current  sheet  topology  in  Figure  16  offers 
two,  possibly  interrelated  interpretations  for  planar  mag¬ 
netic' structure.  First,  it  may  arise  from  ejection  of  the  mul¬ 
tiple  helmet  loops.  If  these  loops  lie  not  in  the  plane  of  the 
figure  but  have  alternating  inward  and  outward  field  com¬ 
ponents  of  various  intensities  at  each  foot,  forming  simple 
skewed  loops,  and  ail  are  ejected  into  the  solar  wind  beyond 
the  orbit  of  some  spacecraft,  then  co rotation  of  the  loops 
past  the  spacecraft  wiU  yield  planar  magnetic  structure.  The 
field  in  each  leg  of  each  helmet  wiE  lie  roughly  parallel  to 
the  plane  of  the  coronal  streamer  belt  but  will  retain  some 
degree  of  skew,  placing  the  vector  tip  at  a  random  point 
along  the  great  circle  of  field  rotation  in  the  streamer  belt 
plane.  Eventually,  of  course,  the  skew  will  disappear  as  the 
fltix  loops  continue  to  stretch  outward,  ultimately  becoming 
radially  directed  at  their  bases. 

Alternatively,  if  one  of  the  helmets  in  Figure  16  expands 
to  form  a  CME,  it  will  push  aside  the  multiple  current  sheets 
as  it  travels  outward  along  the  sector  boundary.  Those  cur¬ 
rent  sheets  on  the  side  that  forms  its  leading  edge  will  drape 
around  the  CME,  tipping  their  discontinuity  normals  toward 
the  radial  direction.  The  multiple  current  sheet  region  will 
form  planar  magnetic  structure  in  the  CME  sheath,  as  ob¬ 
served  by  Neugebauer  et  ai  [1993],  providing  that  the  fields 
between  the  current  sheets  have  random  orientations  in  the 
draping  plane.  These  may  arise  either  from  small-scale  ejec¬ 
tions  on  closed  loops,  as  described  above,  or  from  turbulence 
on  open  lines.  Multiple  current  sheets  on  the  opposite  side 
of  the  CME  will  corotate  with  the  trailing  leg,  with  discon¬ 


tinuity  normals  perpendicular  to  the  Parker  spiral,  and  may 
form  planar  magnetic  structure  there  in  the  same  way.  This 
interpretation  accounts  for  the  range  of  observed  normal  di¬ 
rections. 

Some  planar  magnetic  structure  may  be  the  signature  of 
prominence  fields  trailing  behind  CMEs.  Erupting  promi¬ 
nences  appear  highly  disordered  in  coronograph  observa¬ 
tions  [e.g.,  Hundhausen,  1988],  yielding  the  required  mul¬ 
tiple  discontinuities  for  planar  magnetic  structure.  The  pla¬ 
nar  order  may  be  a  reflection  of  their  order  on  the  Sun 
where  they  delineate  neutral  lines  which  tend  to  lie  parallel 
to  the  global  neutral  line  in  source  surface  maps  of  coronal 
fields  [Hoeksema  and  Scherver,  1986].  Hence,  on  a  global 
scale,  erupting  prominence  fields,  like  the  erupting  small- 
scale  helmet  fields  described  above,  may  tend  to  lie  parallel 
to  the  coronal  streamer  belt  plane,  forming  planar  magnetic 
structure  with  normals  roughly  perpendicular  to  the  Parker 
spiral. 

3.3.  Streamer  Activity 

White  light  observations  of  streamers  near  the  Sun  sug¬ 
gest  that  streamer  outflow  is  frequently  unsteady.  For  ex¬ 
ample,  MacQueen  and  Poland  [1977]  show  that  streamer 
structure  can  vary  not  only  during  periods  of  CME  activ¬ 
ity  but  also  during  quiet  periods.  They  report  quiet- time 
brightness  variations  between  limb  passages  by  as  much  as 
a  factor  of  2.  Poland  [1978]  shows  that  a  particularly  per¬ 
sistent  streamer  overlying  a  group  of  active  regions  and  fil¬ 
aments  underwent  significant  evolution  between  some  limb 
passages.  Its  mass  varied  by  as  much  as  50%,  its  longitudi¬ 
nal  extent  decreased,  and  its  position  migrated  in  latitude. 
Mass  changes  over  time  scales  as  short  as  hours  were  also 
observed  during  individual  limb  passages.  None  of  these 
changes  were  observed  to  be  directly  associated  with  typi¬ 
cal,  large-scale  CMEs.  Such  changes  might  be  caused  in  part 
by  frequent  mass  outflow  from  ejections  on  closed  tongues 
from  small  helmets  over  both  active  regions  and  filaments. 

Webb  [1986]  describes  SMM  observations  of  the  evolution 
of  a  large  helmet  streamer  observed  prior  to  the  eruption  of  a 
huge  CME  (analyzed  by  A.  Hundhausen,  private  communi¬ 
cation,  1985)  as  a  slow  ejection  of  bright  shells  of  material, 
like  the  peeling  of  an  onion.  Although  such  large,  slowly 
evolving  events  are  not  common,  they  demonstrate  what 
might  occur  much  more  frequently  on  smaller,  less  easily 
observed  size  scales — the  frequent  release  of  small  amounts 
of  mass  from  the  sxm  on  closed  loops.  Consistent  with  this 
view,  Jackson  [1993]  finds  that  the  number  of  CMEs  per  unit 
mass  increases  exponentially  with  decreasing  mass,  imply¬ 
ing  a  high-frequency  rate  for  small  CMEs.  That  CMEs  can 
be  spatially  small  is  inconsistent  with  the  findings  of  Hund¬ 
hausen  [1993],  mentioned  eairlier.  Since  this  point  is  still 
controversial  [e.g.,  Kohler,  1987],  we  shall  reserve  the  term 
“CME”  for  the  large-scale  phenomenon  and  treat  small-scale 
ejections  as  a  separate  category. 

Two  objections  to  the  proposed,  frequent  outflow  of  small- 
scale  tongues  concern  their  magnetically  closed  structure. 
The  first  is  the  sparsity  of  bidirectional  particle  streaming 
events  observed  in  the  solar  wind.  If  bidirectional  stream¬ 
ing  necessarily  occurs  in  all  closed  structures  [e.g.,  Gosling, 
1990],  then  the  proposed  outflow  implies  that  it  should  com¬ 
monly  occur  in  the  streamer  belt,  contrary  to  observations. 
The  second  objection,  faced  by  all  papers  on  CMEs,  con¬ 
cerns  flux  buildup  in  the  heliosphere  [Gosling,  1975;  Mac- 
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Queen,  1980].  As  discussed  by  McComas  et  aL  [1992],  re¬ 
connection  must  occur  somewhere  in  the  heliosphere  to  pre¬ 
vent  continuous  buildup,  but  its  likely  signatures,  heat  flux 
dropouts,  seem  insufficient  to  balance  the  known  CME  flux, 
let  alone  flux  from  frequent,  small-scale  tongue  outflow.  It 
may  be  that  detectable  signatures  of  reconnection  in  small- 
scale  tongues  take  other  forms,  such  as  ion  jets  [Feldman  et 
ai,  1993],  These  issues  of  maignecic  topology  remain  open 
questions. 

3.4.  Global  View 

The  picture  of  the  streamer  belt  that  emerges  here  is  a  disk 
of  variable  thickness,  depending  upon  the  number  and  size 
of  the  helmet  structures  at  its  base.  Those  regions  extending 
from  multiple  helmets  have  discontinuities  corresponding  to 
multiple  current  sheets  with  normals  primarily  orthogonal 
to  the  Parker  spiral  but  with  a  wide  variety  of  elevations 
reflecting  the  tubular  shapes  of  either  open  flux  tubes  or 
the  legs  of  magnetic  tongues.  This  view  of  the  streamer 
belt  consistently  orders  the  observations  described  in  section 
2.  It  implies  that  the  heliospheric  current  sheet  is  a  not  a 
single  surface  but  a  constantly  changing  layer  with  a  varying 
number  of  current  sheets  of  finite  extent  filling  the  finite 
thickness  of  the  coronal  streamer  belt. 

From  this  global  point  of  view,  the  streamer  belt  extends 
from  the  closed  field  line  regions  of  the  Sun  and  forms  a 
conduit  for  CME  outflow.  It  could  well  be  the  source  of  all 
of  the  slow  solar  wind  [cf.  Feldman  et  al.,  1981;  Schwenn, 
1990]  and  the  source  of  all  CMEs.  The  latter  conclusion  is 
consistent  with  the  findings  of  Hundhausen  [1993]  based  on 
coronograph  observations  of  CMEs  mapped  to  white  light 
synoptic  maps  of  coronal  brightness.  He  shows  that  CMEs 
nearly  always  originate  in  the  bright  band  that  outlines  the 
coronal  streamer  belt  near  the  Sun. 

Figure  3  illustrates  most  of  the  proposed  coronal  streamer 
belt  features  in  a  three-dimensional  view.  It  shows  a  tilted, 
warped  disk  with  thickness  dependent  not  only  upon  the 
width  of  the  closed  field  line  region  beneath  but  also  the 
volume  of  local  outflow.  The  outflow  can  be  (a)  quiet,  (b) 
slowly  expanding  as  small-scale  ejections  from  multiple  hel¬ 
mets,  or  (c)  erupting  as  large-scale  CMEs,  possibly  with  flux 
rope  structure.  Thus  sector  boundary  passage  at  Earth  can 
produce  (a)  geomagnetic  calm  by  sluggish  flow  in  a  quiet 
streamer  belt,  (b)  moderate  activity  by  small-scale  mass 
ejection,  or  (c)  large  geomagnetic  storms  by  CMEs.  With 
appropriate  changes  in  inclination  and  shape,  this  view  of 
the  coronal  streamer  belt  should  be  valid  for  most  of  the 
solar  cycle,  as  argued  in  section  4. 

4.  A  Case  Study  Of  Coronal  Streamer 
Belt  Dynamics 

The  purpose  of  this  section  is  to  present  observations  of 
a  single  event  that  demonstrate  that  what  would  usually  be 
interpreted  as  a  typical  crossing  of  a  steady  state,  corotat¬ 
ing  coronal  streamer  belt  is,  instead,  a  crossing  of  a  rapidly 
changing  structure,  consistent  with  our  hypothesis  that  the 
streamer  belt  evolves  dynamically.  In  addition,  the  case 
study  provides  an  example  of  how  the  reinterpretation  of 
discontinuities  across  sector  boundaries  in  terms  of  multiple 
current  sheets  solves  a  geometrical  problem  inherent  in  the 
wave  interpretation. 

The  left  panel  of  Figure  4  gives  the  results  of  the  super¬ 
posed  epoch  analysis  of  Borrini  et  oL  [1981]  for  a  set  of 


sector  boundary  crossings  followed  by  high-speed  streams. 
The  density  peaks  sharply  and  the  velocity  and  proton  tem¬ 
perature  dip  before  rising  rapidly.  These  patterns  are  nearly 
identical  to  the  data  in  the  right  panel,  from  the  ISEE  3 
sector  boundary  crossing  on  April  21,  1979.  We  choose  this 
crossing  for  our  case  study  because  it  is  so  typical  of  the 
coronal  streamer  belt  at  1  AU,  almost  irrespective  of  solar 
cycle  phase.  It  occurs  during  the  ascending  phase  of  the  solar 
cycle,  close  to  solar  maximum,  yet  contains  the  sector  and 
stream  structure  commonly  associated  with  the  descending 
phase  and  approach  to  minimum,  from  which  many  of  the 
superposed  epoch  analysis  events  were  drawn. 

In  the  left  panel  of  Figure  5,  hourly  averages  of  the  ISEE  3 
velocity  V,  and  density  n  are  repiotted  from  Figure  4  along 
with  the  magnetic  longitude  angle  Here  the  time  interval 
is  shorter  and  n  is  plotted  on  a  linear  rather  than  logarithmic 
scale.  The  ^  plot  reveals  multiple  current  sheet  crossings  as 
the  spacecraft  passed  from  an  away  to  a  toward  sector.  The 
density  peak  spans  the  crossings,  while  the  speed  reaches 
a  shallow  minimum  before  rising.  The  right  panel  of  Fig¬ 
ure  5  shows  measurements  of  the  same  streamer  belt  four 
days  earlier  when  it  passed  Helios  2  at  0.5  AU.  Helios  2 
was  located  in  the  ecliptic  plane  behind  Earth  in  so¬ 
lar  longitude,  so  the  4-day  delay  is  consistent  with  one  day 
for  corotation  and  three  days  for  radial  flow  at  ~300  km/s. 
The  density  scale  is  contracted  by  a  factor  of  4  to  account  for 
the  1/r^  variation  in  the  Parker  model,  where  r  is  solar  dis¬ 
tance.  Thus,  if  the  streamer  belt  were  a  steady,  corotating 
structure  with  little  time-dependent  outflow — a  commonly 
held  view — then  the  plots  would  be  roughly  identical.  This 
is  nearly  true  for  all  three  parameters  through  the  first  half, 
but  major  differences  in  the  density  plots  appear  thereafter. 
Helios  2  shows  a  large  spike  where  the  ISEE  3  density  is 
nearly  fiat.  Webb  and  Jackson  [1990]  identify  the  spike  with 
passage  through  the  bright  portions  of  a  CME  viewed  re¬ 
motely  by  the  white  light  photometers  on  Helios  2.  Clearly, 
this  coronal  streamer  belt  crossing,  taken  as  typical  because 
of  its  similarity  to  the  superposed  epoch  results  at  1  AU,  is 
not  a  steady  state  structure. 

Figures  6  and  7  show  that  the  streamer  belt  crossing  at 
ISEE  3  in  Figure  5  typifies  the  thick  or  complicated  sec¬ 
tor  boundaries  described  in  section  2.  Twenty-four  hours 
of  high  time  resolution  magnetic  field  data  in  Figure  6  span 
the  heart  of  the  streamer  belt,  centered  on  the  three  changes 
in  4>  in  Figure  5.  The  data  show  multiple  directional  dis¬ 
continuities,  identified  in  the  bottom  panel  by  the  ratio  of 


Fig.  3.  The  coronal  streamer  belt  as  a  conduit  for  outflow  from 
(a)  steady  state  helmet  streamers,  (6)  small-scale  ejections,  and 
(c)  large-scale  CMEs  (with  or  without  flux  rope  structure  [cf. 
Gosling,  1990]). 
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Fig.  4.  Solar  wind  plasma  parameters  across  the  coronal  sUeamer  belt.  The  left  panel  shows  the  results  of  a 
superposed  epoch  analysis  centered  on  sector  boundary  crossings,  from  Bcrrini  et  oL  [1981],  and  the  right  panel 
shows  data  from  King  (1986]  of  an  individual  crossing  that  nearly  replicates  the  superposed  epoch  patterns. 


the  square  of  the  maximum  to  minimum  eigenvalues  A1/A3, 
from  minimum  variance  analysis  with  a  sliding  window  of 
eleven  1-min  averages.  This  identification  method  picks  out 
most  but  not  ail  of  the  discontinuities.  For  example,  the  dis¬ 
continuity  that  effects  the  polarity  change  near  hour  15  has 
no  max/min  peak  because  it  occurs  over  more  than  eleven 
minutes  and  because  its  field  vectors  do  not  rotate  in  a  well- 
defined  plane. 

Figure  7  shows  histograms  of  the  longitude  angle  <pAr 
and  the  absolute  value  of  the  latitude  angle  On  of  the 
normal  to  each  of  the  21  discontinuity  surfaces  for  which 
(Ai/As)^  >  300,  The  ratio  of  the  intermediate  to  minimum 
eigenvalues  A2/A3  is  a  measure  of  how  well  the  normal  is 
determined.  A  value  greater  than  two  is  considered  accept¬ 
able  [Lepptng  and  Behannon,  1980].  All  chosen  discontinu¬ 
ities  meet  this  criterion  except  one,  which  has  a  ratio  of  i.8. 
Minimum  variance  analysis  across  the  entire  day,  following 
the  Klein  and  Buriaga  [1980]  analysis  method  for  thick  sec¬ 
tor  boundaries,  yields  (pN  =  224*^,  orthogonal  to  the  Parker 
spiral,  and  On  =  —12°,  both  marked  with  arrows.  Figure  7 
agrees  with  previous  findings  that  <t>N  tends  to  point  toward 
the  radial  side  of  the  direction  orthogonal  to  the  Parker  spi¬ 
ral,  and  that  On  takes  on  a  wide  range  of  values  but  peaks 
near  the  thick  boundary  value  of  12°. 

High  time  resolution  data  from  Helios  2  (not  shown,  data 
kindly  provided  by  K.-H.  Glassraeier  and  F.Neubauer)  show 
similar  complexity,  with  multiple  discontinuities,  only  a  few 
of  which  can  be  paired  with  ISEE  3  discontinuities,  namely 
the  major  changes  in  apparent  in  the  hotirly  averages  in 
Figure  5.  The  main  result  of  the  comparison  is  that  the 
fine  structure  of  the  streamer  belt  has  evolved  significantly 


between  0.5  and  1  AU,  consistent  with  dynamic  activity  in 
the  streamer  belt 

The  1-min  averages  at  i  AU  of  magnetic  field  longitude  ^ 
and  latitude  @  from  Figure  6,  plotted  against  each  other  in 
Figure  8,  show  a  noisy  but  unmistakable  sine  wave  signature 
of  planar  magnetic  structure.  The  encircled  cross  marks  the 
position  of  the  thick  sector  boundary  normal.  Its  central 


ISEE  3  AT  lAU  HELIOS  2  AT  0.5AU 


Fig.  5.  Hourly  averages  of  solar  wind  speed  V,  density  n,  and 
magnetic  field  longitude  angle  ^  (GSE  coordinates)  across  the 
same  coronal  streamer  belt  observed  at  ISEE  3  at  1  AU  and  at 
Helios  2  at  0.5  AU  (see,  also,  Figure  56  from  Webb  and  Jackson 
(1990)).  The  density  scales  are  proportional  to  1/r-,  where  r  is 
distance  from  the  Sun. 
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Fig.  6.  High  time  resolution  (1  min)  plots  of  ISEE  3  coronal  streamer  belt  density  n,  proton  temperature  Tver 
in  the  direction  perpendicular  to  S,  magnetic  field  strenrth  S,  magnetic  field  latitude  ©  and  longitude  ^  (GSE 
coordinates),  and  the  max/min  eigenvalue  ratio  (Ai/A3)^firom  minimum  variance  analysis  indicating  directional 
discontinuity  location#  The  dashed,  vertical  lines  divide  sandwiches  of  different  plasma  regimes. 


location  indicates  that  the  magnetic  vectors  trace  out  a  great 
circle  lying  in  the  plane  of  the  streamer  belt.  In  accord  with 
section  3.2,  the  planar  magnetic  structure  at  ISEE  3  may 
be  prominence  material  trailing  the  CME  seen  at  Helios  2 
or  multiple  current  sheets  bordering  its  trailing  leg.  Planar 
magnetic  structure  is  not  present  in  the  Helios  2  data  across 
the  sector  boundary,  suggesting  that  these  regions  reached 
the  Helios  2  orbit  at  a  longitude  east  of  the  spacecraft.  By 
the  time  the  CME  reached  ISEIE  3,  the  leading  edge,  moving 
radially,  must  have  been  past  1  AU,  so  that  ISEE  3  entered 
its  flank-  The  lack  of  the  sharp  density  peak  at  ISEE  3,  seen 
earlier  at  Helios  2,  is  consistent  with  this  view. 

Additional  evidence  that  the  ISEE  3  data  show  the  af¬ 
termath  of  the  Helios  2  CME  comes  from  the  sandwich¬ 
like  nature  of  the  high  time  resolution  plasma  parameters 
in  Figure  6.  These  are  prominent  during  the  second  half  of 
the  day,  where  the  ISEE  3  and  Helios  2  parameters  do  not 
match,  and  where  the  CME  was  detected  at  Helios  2.  Sand¬ 
wichlike  field  strength  variations  pervade  the  examples  of 
planar  magnetic  structure  given  by  Nakagawa  et  oL  [1989], 
and  it  has  been  noted  at  sector  boundaries  by  Behannon  et 
ai  [1981].  The  field  strength  tends  to  plateau  at  a  different 
level  in  each  layer.  Between  layers  it  often  drops  sharply, 


Fig.  7.  EUstograms  of  the  longitude  angle  and  the  latitude 
angle  0^  of  the  normal  to  each  of  the  21  discontinuities  in  Figure 
6  for  which  (Ai/As)^  >  300.  The  dots  in  the  histogram  mark 
values  normalized  by  solid  angle. 
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Fig.  8.  Magnetic  field  longitude  ^  plotted  against  latitude  ©  (GSE  coordinates)  for  the  I-min  averages  of  ISEE  3 
data  in  Figure  6.  The  sinusoidal  pattern  is  the  signature  of  planar  magnetic  structure.  The  endrcied  cross  marks 
the  position  of  the  normal  to  the  plane  of  the  coronal  streamer  belt,  determined  from  minimum  variance  analysis 
across  the  entire  belt.  Its  central  location  in  the  sine  wave  indicates  that  the  magnetic  vectors  tend  to  lie  in  the 
streamer  belt  plane. 


forming  magnetic  holes  [Tamer  et  ai.,  1977],  although  none 
occur  in  the  data  in  Figure  6.  Klein  and  Buriaga  [1980]  re¬ 
port  a  high  incidence  of  magnetic  holes  at  sector  boundaries, 
consistent  with  sandwich  structure  there.  Figure  6  shows 
that  the  density  roughly  anticorrelates  with  field  strength, 
having  high  plateaus  when  B  has  low  plateaus,  consistent 
with  pressure  balance.  The  temperature  also  has  sandwich¬ 
like  changes,  somewhat  correlated  with  n,  often  with  sharp 
spikes  between  plateaus.  Five  vertical  dashed  lines  in  Fig¬ 
ure  6  mark  the  clearest  sandwich  structure.  They  drop  to 
peaks  in  the  (Ai/As)^  panel  at  the  bottom,  indicating  direc¬ 
tional  discontinuities  between  the  plateaus.  We  note,  how¬ 
ever,  that  not  all  discontinuities  mark  changes  in  plasma 
characteristics.  This  is  especially  true  during  the  first  half 
of  the  day,  where  the  streamer  belt  has  been  stable  between 
Helios  2  and  ISEE  3. 

What  leads  us  to  propose  that  the  sandwich  structure  oc¬ 
curs  in  the  aftermath  of  CMEs  is  that  the  same  structure  is 
often  present  in  observations  of  typical  CME  passage  in  the 
solar  wind.  Pronounced  examples  are  shown  by  Crooker  et 
aL  [1990]  both  before  and  after  a  large  magnetic  cloud  within 
a  fast  CME,  Buriaga  et  al.[1981]  describe  a  single,  outstand¬ 
ing  example  after  another  large  cloud,  which  has  since  been 
identified  in  the  Helios  2  photometers  as  a  CME-  Both  stud¬ 
ies  interpret  the  pattern  as  a  signature  of  filamentary  solar 
material.  Here  we  propose  that  filamentary  streamers  of 
solar  material  associated  with  prominences  and/or  multi¬ 
ple  current  sheets  trailing  CMEs,  each  contained  in  a  flux 
tube  with  its  own  set  of  plasma  parameters  different  from  its 
neighbor's,  account  for  the  sandwichlike  patterns  at  sector 
boundaries.  Although  these  flux  tubes  may  be  small-scale 
ejections  on  closed  tongues,  their  plasma  parameters  should 
be  different  from  the  strong  magnetic  fields  and  low  tern- 

f-3 


peratures  associated  with  the  closed  tongues  or  flux  ropes 
of  large-scale  CMEls  in  the  solar  wind.  The  latter  probably 
map  back  only  to  the  dark  cavity  portion  of  the  CME  ob¬ 
served  in  coronagraphs  [Hundhausen,  1988],  while  the  sand¬ 
wich  structure  would  map  back  to  bright  regions. 

A  sketch  of  sandwiched  flux  tubes  in  cross  section  across 
the  streamer  belt,  consistent  with  the  ISEE  3  observations, 
is  shown  in  Figure  9.  Heavy  line  segments  intersecting  the 
ecliptic  plane  indicate  the  location  and  inclination  of  those 
discontinuities  with  falling  within  the  two  most  popu¬ 
lated  bins  in  Figure  7,  which  are  those  nearest  the  direction 
orthogonal  to  the  Parker  spiral.  Use  of  only  these  cases  al¬ 
lows  a  two-dimensional  representation  of  the  current  sheet 


Fig.  9.  Cross  section  of  the  streamer  belt  with  schematic  multiple 
current  sheets.  The  heavy  line  segments  intersecting  the  ecliptic 
plane  indicate  current  sheet  locations  and  orientations  determined 
from  the  data  in  Figure  6  for  those  discontinuities  with  nearest 
the  Parker  spiral.  The  dashed  lines  delineate  the  streamer  belt  and 
indicate  its  inclination,  determined  by  minimum  variance  analysis 
across  the  entire  sector  boundary. 
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inclinations  in  a  plane  perpendicular  to  the  Parker  spiral. 
Schematic  curves  extend  the  tilted  lines  into  a  network  of 
current  sheets  bounding  flux  tubes.  Traced  back  to  the  Sun, 
the  sheets  may  extend  from  helmet  loops,  as  in  Figure  16, 
which,  for  this  case,  represents  the  ecliptic  plane.  If  the 
helmets  in  Figure  16  formed  infinitely  long  arcades,  the  cur¬ 
rent  sheets  in  Figure  9  would  be  parallel.  That  they  form 
a  network,  instead,  reflects  the  assumption  of  arcades  of  fi¬ 
nite  length.  In  most  cases  the  magnetic  fields  in  adjacent 
flux  tubes  do  not  have  opposite  polarity,  according  to  in 
Figure  6,  but  do  have  different  directions.  Thus,  in  three  di¬ 
mensions,  the  flux  tubes  must  be  braided  together  in  a  pat¬ 
tern  that  changes  continually  with  time.  Discontinuities  not 
taken  into  account  in  Figure  9  imply  even  more  complicated 
structures.  Many  of  the  braided  tubes  may  be  connected, 
forming  masses  of  outflowing  loops.  Although  the  struc¬ 
tures  may  passively  convect  outward  with  the  solar  wind, 
in  this  view  their  time  dependence  reflects  dynamic  coronal 
processes. 

The  solar  origin  view  of  sandwich  structure  described 
above  is  an  alternative  to  a  prevailing  view  that  pressure  bal¬ 
ance  structures  and  directional  discontinuities  can  arise  en¬ 
tirely  from  solar  wind  turbulence  [e.g.,  Zank  and  Matthaeus, 
1992;  Roberts  et  aL,  1992].  Our  analysis  does  not  preclude 
turbulence  as  a  viable  option.  However,  a  synthesis  of  both 
views  may  ultimately  apply.  For  example,  in  their  AGU 
abstract,  Roberts  and  Goldstein  [1992]  propose  that  high- 
density  structures  of  solar  origin  near  the  current  sheet  in 
the  inner  heliosphere  evolve  with  distance  from  the  Sun  ow¬ 
ing  to  increasing  effects  of  solar  wind  turbulence.  Turbu¬ 
lence  undoubtedly  contributes  to  the  complexity  of  the  time 
variations  in  Figure  6,  but  to  what  extent  remains  to  be 
determined. 

The  dashed  lines  bounding  the  current  sheet  network  in 
Figure  9  delineate  a  highly  inclined  streamer  belt,  consis¬ 
tent  with  the  value  =  -12°  derived  from  minimum  vari¬ 
ance  analysis  across  the  thick  sector  boundary.  This  value 
is  exactly  orthogonal  to  the  sector  boundary  on  the  corre¬ 
sponding  coronal  magnetic  field  map  derived  from  source 
surface  calculations  by  Hoeksema  and  5cAeT7er  [1986],  con¬ 
firming  with  surprising  accuracy  the  high  inclination  of  the 
streamer  belt. 

An  attempt  to  fit  the  discontinuities  in  Figure  9  with 
a  wavy  current  sheet  rather  than  a  multiple  current  sheet 
meets  with  several  problems.  First,  as  discussed  by  Behan- 
non  et  ai  [1981],  the  high  inclinations  and  incoherence  of 
the  discontinuity  surfaces  require  large  amplitude,  irregular 
waves.  But  a  more  serious  problem  is  that  a  wavy  current 
sheet  must  have  a  global  inclination  angle  that  is  low  be- 
caiiSe  the  sheet  must  pass  through  the  ecliptic  plane  many 
times  across  the  width  of  the  sector  boundary.  The  orien¬ 
tation  of  a  wavy  current  sheet  fit  is  roughly  orthogonal  to 
a  multiple  current  sheet  fit.  Studies  at  solar  mini:  am  [e.g., 
Behannon  et  ai,  1981;  Villante  et  at,,  1979]  do  nc  face  this 
problem  because  then  the  global  current  sheet  inclination  is 
low.  For  this  case,  however,  a  low-inclination  current  sheet 
would  be  inconsistent  with  both  the  streamer  belt  plane  nor¬ 
mal  obtained  by  minimum  variance  analysis  across  the  entire 
structure  and  with  the  neutral  line  inclination  on  the  coronal 
field  map. 

In  a  sense  the  network  of  current  sheets  pictured  in  Fig¬ 
ure  9  provides  a  synthesis  of  the  concepts  of  wavy  single 
and  parallel  multiple  current  sheets.  Although  the  overall 


structure  has  high  inclination,  it  is  conceivably  possible  to 
trace  along  current  sheets  from  one  side  of  the  streamer  belt 
to  the  other,  parallel  to  the  ecliptic  plane  on  average,  bv 
passing  up  and  down  around  flux  tubes,  thus  tracing  out  a 
pattern  resembling  an  irregular  wave  with  large  amplitude. 

The  concept  of  multiple  current  sheets  and  braided  flux 
tubes  proposed  in  this  paper  has  been  illustrated  using  data 
from  a  high-inclination  sector  boundary  crossing  near  so¬ 
lar  maximum.  S.  Shodhan  et  al.  (manuscript  in  prepara¬ 
tion,  1993)  predict  that  sector  boundaries  at  1  AU  should 
be  highly  inclined  most  of  the  time,  based  on  a  histogram 
of  neutral  line  inclinations  at  the  ecliptic  plane  on  source 
surface  maps  [Hoeksema  and  Scherrer,  1986],  which  peaks 
in  the  80° -90°  bin.  Even  near  solar  minimum,  when  the 
latitudinal  excursions  of  the  neutral  line  are  small,  inclina¬ 
tions  at  the  ecliptic  plane  can  be  large  because  of  kinks  in 
the  neutral  line  [e.g.,  Villante  and  Brano,  1982].  Thus  the 
geometrical  argument  in  favor  of  the  proposed  streamer  belt 
structure  for  high  inclinations  may  apply  to  most  of  the  so¬ 
lar  cycle.  For  low  inclinations,  either  the  wavy  or  multiple 
current  sheet  interpretation  is  viable.  A  spacecraft  passing 
through  the  Figure  9  pattern  held  at  right  angles,  repre¬ 
senting  low  inclination,  can  still  encounter  multiple  current 
sheets  with  high  inclinations,  as  observed  at  solar  minimum 
[e.g.,  Behannon  et  aL,  1981],  especially  if  the  flux  tube  cross 
sections  are  less  elongated. 

5.  Summary 

Based  on  the  results  of  published  observational  studies, 
we  propose  a  new  view  of  the  heliospheric  current  sheet  and 
the  coronal  streaimer  belt  that  has  the  following  two  coronal 
features:  (1)  Multiple  current  sheets  stemming  from  multi¬ 
ple  helmet  arcades  of  finite  length,  and  (2)  frequent  ejections 
of  mass  from  the  helmet  arcades. 

Feature  1  extends  into  interplanetary  space  as  the  coro¬ 
nal  streamer  belt  filled  with  braided  flux  tubes  with  cross 
sections  elongated  parallel  to  the  streamer  belt  plane,  and 
feature  2  constantly  changes  the  flux  tube  pattern.  Thus 
the  streamer  belt  becomes  a  compound  heliospheric  current 
disk  of  variable  thickness  that  serves  as  a  conduit  for  fre¬ 
quent  mass  ejection.  The  new  view  can  be  used  to  explain 
poorly  imderstood  properties  of  sector  boimdary  crossings 
as  follows: 

1.  While  the  global  orientation  of  the  coronal  streamer 
belt  plane  at  any  spacecraft  crossing  may  be  found  by  min¬ 
imum  variance  analysis  through  the  thickness  of  the  whole 
structure,  the  same  procedure  applied  to  the  many  direc¬ 
tional  discontinuities  within  the  structure  give  highly  vari¬ 
able  orientations.  These  can  be  ascribed  to  the  multiple  cur¬ 
rent  sheets  surrounding  flux  tubes  and/or  magnetic  tongues. 
A  single  wavy  current  sheet  interpretation  fails  for  multiple 
discontinuities  across  highly  inclined  sector  boundaries. 

2.  Ejections  of  progressively  skewed,  helmet  streamer  ar¬ 
cades  threaded  by  prominence  fields  can  account  for  the 
large-scale  rotational  structures  at  sector  boundaries,  in¬ 
cluding  magnetic  clouds.  The  signature  of  a  magnetic  cloud, 
usually  ascribed  to  radial  passage  of  a  flux  rope,  can  also  be 
produced  by  corotation  of  a  skewed  helmet  structure  past  a 
spacecraft. 

3.  Planar  magnetic  structure  observed  in  the  sheath  pre¬ 
ceding  CMEs  may  arise  from  the  multiple  current  sheet 
structure  pushed  aside  as  the  CME  bulge  passes  outward 
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along  the  streamer  belt  comdor.  Planar  magnetic  struc¬ 
ture  may  also  occur  in  the  trailing  portions  of  CMEs,  where 
prominence  loops  lie  roughly  parallel  to  the  plane  of  the 
coronal  streamer  belt. 

4.  Plasma  in  the  streamer  belt,  especially  in  the  aftermath 
of  CME  passage,  often  displays  a  sandwichlike  pattern,  with 
discontinuities  and,  sometimes,  magnetic  holes  between  lay¬ 
ers,  consistent  with  layered  flux  tubes,  each  with  its  own 
solar  source  of  plasma. 

The  above  view  is  offered  as  an  alternative  interpretation 
of  existing  observations.  Whether  or  not  it  is  valid  remains 
to  be  determined  with  new  studies  designed  to  test  its  spe¬ 
cific  propositions.  Such  studies  are  currently  underway. 
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Relativistic  Solar  Proton  Database  for  the  Ground  Level  Enhancements 

During  Solar  Cycle  22 
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A  new  softw^e  appUcation  called  GLEINFO  has  been  established  to  enable  scientists  who  have 
remote  n^working  capability  to  examine  the  computerized  database  of  relativistic  solar  proton 
data  for  the  ground  level  enhancements  during  Solar  Cycle  22.  This  database  was  compUed  in  co¬ 
operation  with  principal  investigators  of  the  international  network  of  neutron  monitors  to  provide 
a  insistent  set  for  detailed  analysis  of  the  processes  involved  in  solar  proton  acceleration 


Introduction 

For  almost  40  years  the  international  network  of  neu¬ 
tron  monitors  has  recorded  relativistic  solar  proton  events 
detected  at  the  Earth.  These  ground  level  enhancements 
(GLEs)  are  marked  by  the  observation  of  secondary  parti¬ 
cles  generated  by  high-energy  protons  (>  450MeV)  inter¬ 
acting  at  the  top  of  the  atmosphere  [Shea  and  Smart,  1990]. 
More  than  50  such  events  have  been  observed  since  the  neu¬ 
tron  monitor  network  was  activated  for  the  International 
Geophysical  Year.  These  cosmic  ray  sensors  have  been  de¬ 
scribed  by  Simpson  [1957]  and  Carmichael  [1968]. 

The  GLEs  of  Solar  Cycle  22  have  been  quite  remarkable 
and  renewed  interest  in  relativistic  solar  particle  events  and 
their  effects  on  the  Earth’s  environment  and  modem  tech¬ 
nology.  Eleven  events  occurred  between  July  1989  and  May 
1990,  an  unprecedented  sequence  of  events  within  so  short 
a  time  span.  The  increase  recorded  on  September  29,  1989, 
was  the  largest  measured  since  February  23,  1956,  with  a 
relative  increase  greater  than  400%  above  the  backgrotmd 
cosmic  ray  intensity  recorded  at  Calgary,  Canada  (altitude 
1128  m,  effective  vertical  cutoff  rigidity  1.1  GV,  calculated 
using  the  1980  International  Geomagnetic  Reference  Field 
[Shea  et  oL,  1983]).  This  GLE  was  also  recorded  by  an  un¬ 
derground  muon  telescope  at  a  depth  of  35  m  water  equiva¬ 
lent  (mwe)  with  a  threshold  rigidity  of  19  GV  [Svhnson  and 
Shea,  1990]  and  by  a  cosmic  radiation  environment  monitor 
on  a  supersonic  aircraft  [Dyer  et  oL,  1990]. 

Three  GLEs  were  observed  within  a  6-day  period  in  Oc¬ 
tober  1989,  all  with  significant  increases  and  long  durations. 
Their  total  solar  proton  fluence  was  greater  than  that  mea^- 
sured  at  the  Earth  during  the  entire  previous  solar  cycle 
[Shea  and  Smart,  1993].  Four  events  were  observed  in  May 
1990  within  a  span  of  8  days,  including  the  event  on  May 
24,  1990,  when  for  the  first  time  direct  solar  neutrons  were 
reported  in  association  with  a  relativistic  solar  proton  event 
[Shea  et  oL,  1991].  Two  additional  GLEs  were  recorded  dur¬ 
ing  a  period  of  intense  solar  activity  in  June  1991  [Smart  et 
ai,  1993]. 

In  October  1989  the  principal  investigators  of  the  neutron 
monitors  were  encouraged  to  send  data  for  the  September 
29,  1989,  event  in  a  standard  format  described  by  Shea  et 
oL  [1987]  to  the  Geophysics  Directorate  of  Phillipis  Labo¬ 
ratory  at  Hanscom  Air  Force  Base  with  the  understanding 
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that  all  of  the  data  received  would  be  distributed  to  those 
who  contributed.  The  objective  of  this  cooperative  effort 
was  to  expedite  analysis  of  this  unusual  event  by  provid¬ 
ing  a  comprehensive  computerized  database  from  neutron 
monitors  throughout  the  world. 

Plots  of  preliminary  data  from  more  than  30  stations  were 
distributed  to  principal  investigators  at  the  GLE  Highlight 
session  at  the  21st  International  Cosmic  Ray  Conference 
(ICRC)  in  Adelaide,  Australia,  in  January  1990.  Despite 
difficulties  with  network  communications,  the  majority  of 
the  data  for  the  September  29,  1989,  event  were  distributed 
shortly  after  the  ICRC,  primarily  via  electronic  mail.  Com¬ 
pilation  and  distribution  of  such  a  substantial,  computerized 
database  so  soon  after  a  GLE  represents  a  significant  ad¬ 
vance.  Previously,  data  were  exchanged  primarily  in  printed 
form  in  station-specific  formats  requiring  substantial  modi¬ 
fications  before  analysis  [Gentile  et  al.,  1990]. 

Participants  in  the  Solar-Terrestrial  Workshop  at  the  21st 
ICRC  requested  that  data  be  compiled  for  all  the  events 
of  Solar  Cycle  22.  With  the  continued  cooperation  of  the 
principal  investigators,  this  has  been  done,  and  the  database 
is  updated  regularly.  Table  1  lists  the  number  of  data  files 
currently  available  for  each  event. 

Principal  investigators  are  responsible  for  data  quality  and 
preparation.  Although  data  preparation  techniques  vary 
from  station  to  station,  all  data  in  the  database  are  in  a 
standard  format  which  includes  station  information,  hourly 
and  small-time  uncorrected  and  corrected  data,  and  baro¬ 
metric  pressure  measurements  [Shea  et  oi.,  1987],  Verified 
data  are  clearly  marked  in  the  comment  section  of  the  file, 
which  also  includes  the  name  of  the  person  who  provided  the 
data.  Data  that  are  not  marked  as  verified  are  considered 
preliminary.  All  files  are  screened  before  they  are  added  to 
the  database. 

Discussion 

A  menu-driven  software  application  called  GLEINFO  has 
been  established  at  the  Geophysics  Directorate  to  provide 
access  to  the  GLE  Database  for  Solar  Cycle  22  for  anyone 
who  has  remote  networking  capability.  The  database  resides 
on  a  Digital  Equipment  Corporation  VAX  7620  currently 
running  Open  VMS  version  6.0.  The  VAX  is  connected  to 
both  NSI/DECnet  and  the  Internet.  International  network 
addresses  are  given  in  Table  2. 

Login  Procedure 

Connect  to  the  PL  VAX  via  NSI/DECnet  or  the  Inter¬ 
net,  enter  GLEINFO  at  both  the  USERNAME  and  PASS- 
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TABLE  1.  Status  of  Ground  Level  Enhancement  Database 
for  Solar  Cycle  22 


Event 

Date 

Neutron  Monitor 
Data  Files 

40 

July  25,  1989 

34 

41 

August  16,  1989 
September  29,  1989 

31 

42 

48^ 

43 

October  19,  1989 

38 

44 

October  22,  1989 

37 

45 

October  24,  1989 

39^ 

46 

November  15,  1989 

30 

47 

May  21,  1990 

19 

48 

May  24,  1990 

28^ 

49 

May  26,  1990 

21 

50 

May  28,  1990 

17 

51 

June  11,  1991 

32 

52 

June  15,  1991 

36 

53 

June  25,  1992 

23 

54 

November  02,  1992 

08 

Number  of  files  currently  in  the  database  for  each  GLE  observed 
during  Solar  Cycle  22,  Events  are  numbered  beginning  with  the 
first  GLE  reported  in  1942. 

^Plus  18  files  from  muon  telescope  or  ionization  chamber. 

^Plus  3  files  from  muon  telescope. 

®Plus  2  partial  files  from  muon  telescope. 

WORD  prompts,  then  enter  your  own  remote  username.  For 
NSI/DECnet  users,  the  command  to  establish  remote  net¬ 
work  connection  is  generally  SET  HOST;  for  those  on  the 
Internet,  the  command  is  TELNET.  Since  the  procedures 
for  establishing  remote  network  connections  depend  upon 
the  local  operating  system  and  network  software,  users  who 
are  not  familiar  with  remote  login  procedures  should  contact 
their  system  managers  for  the  specific  system  commands. 

The  Main  Menu  includes  options  to  list  the  files  in  each 
event  subdirectory,  to  examine  individual  data  files,  or  to 
view  event  dates  and  times.  An  expanded  help  section, 
including  a  description  of  each  Main  Menu  option  and  a 
full  explanation  of  each  command,  is  available  via  option  1. 
Event  dates,  baseline  times,  the  time  intervals  selected  for 
hourly  and  small-time  data,  the  flare  associations  for  each 
event,  station  names,  and  the  complete  GLE  standard  for¬ 
mat  description  are  available  via  options  2  and  3.  Data  are 
accessible  via  option  3. 

Data  are  organized  in  subdirectories  by  event.  Data  file 
names  are  in  the  form  C##NAME.DAT,  where  C  indicates 
a  Counts  Per  Second/Percentage  Increase  file,  ##  repre¬ 
sents  event  number,  and  NAME  is  a  four-letter  abbreviation 
for  the  station  name.  A  full  list  of  station  names  is  available 
via  option  2. 

Each  event  subdirectory  contains  a  file  GLE##.LIS  which 
briefly  summarizes  the  available  event  data,  including  the  in¬ 
formation  reported  in  Solar  Geophysical  Data  for  the  asso¬ 
ciated  flare  and  preliminary  estimates  of  the  onset  time  and 
maximum  relative  increase  observed  at  each  station.  The 
station  latitude,  longitude,  altitude,  t3rpe  of  instrument,  and 
effective  vertical  cutoff  rigidity  are  also  included. 

Once  you  are  logged  in,  select  an  option  from  the  Main 


TABLE  2.  International  Network  Addresses  for  VAX  at 
Geophysics  Directorate,  Phillips  Laboratory, 
Hanscom  Air  Force  Base,  Massachusetts 


Network 

Nodename 

Address 

NSI/DECnct 

ZIRCON 

61457 

Internet 

PLH.AF.MrL 

146.153.100.5 

Menu  and  enter  the  option  number  at  the  user  prompt.  The 
available  commands  are  then  displayed  on  screen  along  with 
a  user  prompt. 

Enter  a  command  to  select  a  specific  event  subdirectory, 
to  read  data  files,  return  to  the  Main  Menu  to  select  another 
option,  or  to  logout.  If  a  particular  command  has  optional 
parameters  or  requires  additional  information,  the  user  is 
prompted  further.  An  invalid  entry  results  in  an  error  mes¬ 
sage  and  a  redisplay  of  the  available  commands  and  user 
prompt. 

When  finished,  logout  of  the  application,  and  terminate 
the  remote  network  connection. 

GLE  Application  for  Copying  Data 

The  GLE  database  is  also  accessible  via  a  separate  ap¬ 
plication  which  provides  authorized  users  the  additional  ca^ 
pability  of  copying  data  to  the  user's  remote  node  [Gentile, 
1991,  1993].  Authorized  users  may  also  transfer  files  from 
the  GLE  database  using  either  direct  DECnet  copy  or  the 
TCP/IP  FTP  protocol.  GLEINFO  users  who  have  exam¬ 
ined  the  data  and  are  interested  in  obtaining  access  to  the 
GLE  database  for  copying  data  files  should  send  their  name, 
address,  and  electronic  mail  address  to  the  author.  The  ac¬ 
cess  information  will  be  sent  upon  request. 

Please  contact  the  author  at  AFGLSC:: GENTILE  or 
GENTILE@PLH.AF.MIL  if  any  difficulties  are  encoimtered 
or  if  there  are  suggestions^for  modifications  or  improve¬ 
ments. 

Summary 

The  GLEs  of  Solar  Cycle  22  have  renewed  interest  in  the 
effects  of  relativistic  solar  proton  events.  The  GLEINFO 
software  application  permits  examination  of  a  comprehen¬ 
sive  computerized  database  for  analysis  of  these  events  to 
enhance  imderstanding  of  the  processes  involved  in  the  ac¬ 
celeration  and  propagation  of  relativistic  solar  protons.  The 
complete  GLE  Database  for  Solar  Cycle  22  will  eventually 
be  archived  at  World  Data  Center-A  for  Solar-Terrestrial 
Physics. 
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ABSTRACT 

We  compiled  a  list  of  all  major  solar  proton  events  (J(>  10  MeV)  >  10 
pr  cm'^  s"’  sr"’)  observed  during  the  first  half  of  Solar  Cycle  22 
(January  1987  -  September  1991)  and  their  flare  associations.  We 
also  tabulated  all  X-class  soft  X-ray  bursts  observed  during  this 
period  and  studied  the  intersection  of  the  two  data  sets.  In 
particular  we  examined  the  usefulness  of  the  e-folding  decay  time  of 
intense  soft  X-ray  bursts  as  an  indicator,  for  forecasting  purposes, 
of  the  likelihood  of  ensuing  significant  proton  events  at  1  AU.  This 
study  is  an  update  of  work  covering  Solar  Cycle  21  (1976-1986) 
presented  at  the  Leura  Predictions  Workshop.  Results  presented  here 
are  in  general  agreement  with  those  of  the  earlier  study.  Impulsive 
X-class  soft  X-ray  bursts  are  only  infrequently  (<  10  %  of  the  time) 
associated  with  major  >  10  MeV  proton  events. 


1.  INTRODUCTION 

Oliver  and  Cane  (1990)  studied  the  e-folding  decay  time  (r)  of  the  X- 
class  soft  X-ray  bursts  of  Solar  Cycle  21  as  a  forecast  tool  for 
major  proton  events.  They  found  that  although  ■■  40  %  (61  out  of  162) 
of  the  X-class  soft  X-ray  bursts  were  impulsive,  (r  <  10  minutes) , 
only  ~  3  %  (2  /  61)  of  the  impulsive  X-class  X-ray  bursts  were  asso¬ 
ciated  with  significant  solar  proton  events.  Approximately  30  %  (30 
/  101)  of  the  gradual  (r  >  10  minutes)  X-class  soft  X-ray  bursts  were 
associated  with  proton  events.  They  also  found  that  all  C-  and  M- 
class  flares  which  gave  rise  to  major  proton  events  and  for  which  r 
could.be  determined  (31  /  31)  were  gradual  soft  X-ray  bursts.  Cliver 
and  Cane  concluded  that  these  results  suggest  that  null -proton-event 
forecasts  can  be  made  following  impulsive  X-class  X-ray  bursts. 


1.1. 


X-RAY  BURSTS 


We  followed  the  procedure  described  by  Oliver  and  Cane  (1990) ,  first 
compiling  a  list  of  X-class  1-8  A  bursts  which  occurred  between 
January  1987  and  September  1991  from  the  plots  in  Solar  Geophysical 
Data  (SGD)  and  the  Energetic  Event  Summaries  in  the  Preliminary 
Report  and  Forecast  of  Solar  Geophysical  Data  (Pre-SGD) ,  published 
weekly  by  the  NOAA  Space  Environment  Services  Center. 

We  had  microfilm  plots  of  the  soft  X-ray  data  from  at  least  one  of 
the  GOES  satellites  for  January  1987  through  May  1991.  If  there  were 
gaps  in  the  microfilm  data  for  the  time  period  of  a  burst,  or  if  the 
event  occurred  during  June-September  1991,  we  calculated  the  r  value 
from  enlargements  of  the  GOES  X-ray  plots  in  SGD.  From  the  plots  we 
obtained  the  e-folding  decay  time  of  the  soft  X-ray  emission  measured 
from  the  peak  of  the  event  as  described  by  Oliver  and  Cane  (1990). 
Events  with  a  r  <  10  were  classified  as  impulsive  events,  those  with 
T  >  10  were  classified  as  gradual  events.  Figure  1  illustrates  this 
technique  for  a  representative  event  of  each  type. 


(a)  (b) 


Pigure  1.  Example  of  (a)  impulsive  and  (b)  gradual  X  class  soft  X 
ray  bursts  illustrating  the  calculation  of  t  value. 


Of  the  13  0  X-class  events  in  our  data  set,  we  had  microfilm  plots  for 
106  of  them.  For  6  events  before  and  the  16  events  after  May  1991, 
T  was  calculated  from  enlarged  SGD  plots.  For  two  events  no  data 
were  available  from  which  to  calculate  t .  Uncertainties  in  t  for 
events  for  which  we  had  microfilm  data  are  estimated  to  be  f  1  minute 
for  T  <  15  minutes  and  ±  5  minutes  for  r  >  60  minutes.  When  t  was 
determined  from  enlarged  SGD  plots,  uncertainties  are  estimated  to  be 
five  minutes  or  more  for  events  of  all  durations. 

The  flare  associations  for  each  event  were  determined  from  the  Ha 
observations  published  in  SGD.  The  X-class  bursts  were  approximately 
evenly  divided  between  solar  hemispheres ,  .  with  69  events  originating 
in  eastern  hemisphere  flares  and  61  from  flares  in  the  west.  Four  X- 
class  bursts  were  associated  with  flares  behind  the  east  limb  and 
three  with  flares  behind  the  west  limb. 


Two  considerations  affecting  the  determination  of  t  should  be 
mentioned.  For  the  seven  behind-the-limb  flares,  it  is  possible  that 
the  more  impulsive  sources  of  X-ray  emission  were  partially  blocked 
because  of  the  flare  location.  These  events  would  then  appear  to  be 
more  gradual.  Despite  such  possible  occultation  effects,  three  of 
the  seven  behind-the-limb  flares  (11  May  1990,  4  March  1991,  and  31 
March  1991)  gave  rise  to  impulsive  soft  X-ray  events.  The  second 
consideration  concerns  eight  events  (6  March  1989,  16  August  1989,  19 
October  1989,  and  1,  4,  6,  11,  and  15  June  1991)  for  which  the  1-8  A 
detector  was  saturated;  for  these  events  the  t  value  obtained 
represents  an  upper  limit.  All  eight  were  gradual  bursts. 

Of  the  128  events  for  which  we  could  determine  a  r  value,  56  or  44  % 
were  impulsive,  72  (56  %)  were  gradual.  Figure  2  is  a  histogram  of 
the  r  values  calculated  for  these  events.  Of  the  impulsive  events, 
35  were  associated  with  eastern  hemisphere  flares,  21  with  western 
hemisphere  flares.  The  gradual  events  were  more  evenly  divided 
between  solar  hemispheres,  with  39  associated  with  western  hemisphere 
flares,  and  33  with  eastern  hemisphere  flares. 

36 -n - , 
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Figure  2.  A  histogram  of  t  values  for  X-class  1-8  A  bursts  occurring 
during  the  first  half  of  Solar  Cycle  22  (January  1987  to  September 
1991)  . 


1.2.  PROTON  EVENTS 


From  the  11  February  1992  Preliminary  Report  and  Forecast  of  Solar 
Geophysical  Data,  and  the  plots  published  weekly,  we  compiled  a  list 


of  67  major  (J(>  10  MeV)  >  10  pr  cm'^  s'''  sr"'')  proton  events  for  the 
time  period  of  this  study  (January  1987-September  1991) .  Flare 
associations  were  determined  from  data  in  SGD  and  Pre-SGD.  In 
general,  we  used  a  Big  Flare  Syndrome  (Kahler,  19  82)  approach  to 
making  associations,  taking  the  largest  flare  near  particle  onset  and 
also  considering  metric  type  II  data.  In  most  cases  we  were  able  to 
attribute  the  proton  event  to  a  single  flare,  but  for  seven  cases  we 
identified  two  flares  as  contributors  to  the  proton  event.  In  events 
with  long  rise  and/or  decay  profiles,  it  is  often  difficult  to 
distinguish  between  fresh  injections  of  particles  and  interplanetary 
modulation  of  previously  accelerated  protons.  We  judged  that 
approximately  10  of  the  67  events  in  our  sample  resulted  from  such 
modulation.  For  a  few  other  cases,  there  was  no  good  candidate 
source  flare. 

We  were  able  to  associate  54  of  the  67  major  proton  events  with 
visible  disk  or  near-limb  flares  and  obtained  a  r  value  for  all  but 
two  of  these  54  events.  Our  associations  are  in  general  agreement 
with  those  published  in  Pre-SGD.  Table  1  lists  the  proton  events, 
the  associated  flares,  and  the  t  values  calculated  for  the  associated 
X-ray  bursts.  A  histogram  of  the  t  values  of  soft  X-ray  bursts 
associated  with  major  proton  events  is  given  in  Figure  3  for 
comparison  with  the  histogram  of  r  values  of  all  X-class  soft  X-ray 
bursts  given  in  Figure  2 . 
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Figure  3.  A  histogram  of  t  for  major  proton  flares  from  the  first 
half  of  Solar  Cycle  22  (January  1987  to  September  1991)  .  Dark 
shading  denotes  X-class  soft  X-ray  bursts;  light  shading  denotes  M- 
class  and  C-class  flares. 


Table  1.  Major  Proton  Events  and  Associated  Flares  for  the  First 
Half  of  Solar  Cycle  22  (January  1987  to  September  1991) 


PROTON  EVENT 

FIARE 

1-8  A 

Peak 

10  MeV 

Peak  T 

Onset  Date  Flux* 

Date 

Location  Time  Class  (min) 

1 

Nov-0 8 -8 7 

110 

Nov-07-87 

N30 

■W105 

2014 

M 

1 

75 

2 

Jan-02-88 

92 

Jan-02-88 

S35 

W18 

2135 

X 

1 

40 

3 

Mar-25-88 

58 

Mar-25-88 

N20 

"WlOO 

2154 

c 

4 

18 

4 

Jun-30-88 

21 

Jun-30-88 

S16 

E23 

0906 

M 

9 

06 

5 

Aug-26-88 

42 

Aug-2 3 -88 

N24 

E90 

1804 

M 

2 

114 

6 

Oct-12-88 

12 

Oct-12-88 

S21 

W68 

0511 

X 

2 

16 

7 

Nov-08-88 

13 

Nov-08-88 

N17 

WO  7 

1252 

c 

3 

95 

8 

Nov-14-88 

13 

Nov-13-88 

S24 

W27 

2311 

M 

3 

28 

9 

Dec-17-88 

29 

Dec-16-88 

N27 

E33 

0846 

X 

4 

26 

10 

Jan-04-89 

28 

Jan-04-89 

S20 

W59 

1805 

M 

4 

48 

11 

Mar-08-89 

■  250 

Mar-06-89 

N33 

E71 

1405 

X15 

32 

12 

Mar  10  89 

"3500 

Mar- 10 -8 9 

N32 

E22 

1922 

X 

4 

65 

13 

Mar-17-89 

"2000 

Mar-17-89 

N33 

W61 

1744 

X 

6 

26 

14 

Mar-2 3 -8 9 

53 

Mar-23-89 

N18 

W28 

1959 

X 

1 

40 

15 

Apr-11-89 

450 

Apr-09-89 

N35 

E28 

0105 

X 

3 

16 

and  ? 

Apr-10-89 

N40 

W08 

2323 

M 

1 

396 

16 

May-05-89 

110 

May-05-89 

N30 

E04 

0737 

X 

2 

24 

17 

Jun-18-89 

18 

?  Jun-18-89 

N12 

W30 

1448 

c 

3 

?? 

18 

Jun-30-89 

17 

Jun-29-89 

N30 

W41 

2127 

M 

3 

43 

19 

Jul-01-89 

17 

Jun-30-89 

S17 

E88 

0616 

M 

3 

33 

and/or 

Jun-30-89 

S14 

E77 

"0750 

M 

2 

60 

20 

Jul-25-89 

54 

Jul-25-89 

N26 

W85 

0844 

X 

2 

06 

21 

Aug-12 -89 

<9200 

Aug-12 -89 

S16 

W38 

1427 

X 

2 

30 

22 

Aug  16  89 

"2000 

Aug-16-89 

S15 

W85 

0118 

■X20 

33 

23 

Sep-04-89 

44 

Sep-03-89 

S17 

E19 

1432 

X 

1 

06 

24 

Sep-12-89 

57 

Sep-12-89 

N17 

E15 

1012 

M 

7 

266 

or 

Sep  12-89 

S17 

*W100 

0814 

M 

5 

212 

25 

Sep-29-89 

4800 

Sep-29-89 

S27 

"WlOO 

1133 

X 

9 

33 

26 

Oct-19-89 

40000 

Oct-19-89 

S25 

E09 

1258 

X13 

44 

27 

Oct-2 2 -8 9 

"8000 

Oct-22-89 

S27 

W32 

1805 

X 

2 

37 

28 

Oct-24-89 

4100 

Oct-24-89 

S29 

W57 

1831 

X 

5 

66 

29 

Oct  29  89 

■  40 

Oct-29-89 

S27 

'W120 

2155 

M 

4 

62 

30 

Nov-15-89 

71 

Nov-15-89 

Nil 

W28 

0659 

X 

3 

16 

31 

Nov  27  89 

380 

Nov-25-89 

N29 

E07 

2355 

X 

1 

66 

and/or 

Nov-26-89 

N25 

W03 

1941 

M 

4 

79 

32 

Nov-30-89 

7300 

Nov-30-89 

N25 

W52 

1229 

X 

2 

49 

33 

Mar-19-90 

950 

Mar-19-90 

N33 

W39 

0508 

X 

1 

28 

34 

Mar  28  90 

16 

Mar-28-90 

S05 

W35 

0750 

M 

4 

>39 

35 

Apr-17 -90 

12 

Apr-15-90 

N32 

E54 

0302 

X 

1 

66 

and/or 

Apr- 16 -90 

S12 

E46 

0634 

X 

2 

06 

36 

May-21-90 

410 

May-21-90 

N34 

W37 

2219 

X 

5 

11 

37 

May-2 4 -90 

177 

May-24-90 

N36 

W7  6 

2051 

X 

9 

06 

38 

May  26  90 

89 

May-26-90 

N35 

"WlOO 

2058 

X 

1 

14 

39 

May-2 8 -90 

45 

May-2 8 -90 

N35 

■W120 

0433 

c 

1 

?? 

Table  1.  (continued) 


PROTON  EVENT  FLARE 

1-8  A 


Peak  _ 

10  MeV  Peak  t 


Onset  Date 

Flux* 

Date 

Location 

Time  < 

Olass 

(min) 

40 

Jun-12-90 

79 

Jun-12-90 

NIO 

W32 

0541 

M  6 

24 

41 

Jul-26-90 

21 

Jul-25-90 

S14 

E56 

2335 

M  2 

87 

42 

Aug-01-90 

230 

Jul-30-90 

N18 

E42 

0736 

M  4 

64 

43 

Jan-31-91 

240 

Jan-31-91 

S17 

W35 

0230 

X  1 

64 

44 

Feb-25-91 

13 

Feb- 2 5-91 

S15 

W82 

0819 

X  1 

27 

45 

Mar-23-91 

43000 

Mar-22-91 

S26 

E28 

2247 

X  9 

08 

and/or 

Mar-23-91 

S17 

E06 

0429 

M  6 

179 

46 

Apr-03-91 

52 

Apr- 02 -91 

N15 

E02 

2327 

M  6 

33 

47 

May-13-91 

350 

May-13-91 

SIO 

"WlOO 

0144 

M  8 

66 

48 

May-31-91 

22 

?  May-29-91 

N06 

E36 

2345 

X  1 

05 

and/or 

■?  May-30-91 

N07 

E30 

0941 

M  8 

05 

49 

Jun-04-91 

220 

Jun-04-91 

N34 

E75 

0352 

X12 

26 

50 

Jun-11-91 

3000 

Jun-11-91 

N32 

W15 

0209 

X12 

12 

51 

Jun-15-91 

1400 

Jun-15-91 

N36 

W70 

^  0821 

X12 

‘  17 

52 

Jun-29-91 

110 

Jun-28-91 

N30 

■E115 

0626 

M  6 

68 

53 

Jul-07-91 

2300 

Jul-07-91 

N28 

EOO 

0223 

X  1 

26 

54 

Aug-25-91 

240 

Aug-25-91 

N23 

E76 

0115 

X  2 

51 

*  pr  cm'^  s'^  sr*'' 

?  flare  association  uncertain 
??  T  indetenninant 


2 .  ANALYSIS 

We  associated  30  of  the  proton  events  with  X-class  soft  X-ray  bursts 
(two  such  bursts  in  one  case)  ,  16  with  M-class  bursts  (two  such 
bursts  in  two  cases) ,  4  with  single  C-class  flares,  and  4  with  both 
an  M-class  and  an  X-class  burst.  Thus  a  total  of  61  soft  X-ray 
bursts  were  associated  with  the  54  proton  events  with  identified 
sources.  Of  these  61  bursts,  we  were  able  to  calculate  a  t  value  for 
59.  Eight  of  the  59  bursts  were  impulsive  (6  X-class  and  2  M-class)  , 
the  remainder  were  gradual.  Of  the  eight  impulsive  X-ray  bursts 
associated  with  major  proton  events,  two  (17  April  1990  and  23  March 
1991)  are  listed  as  co-contributors  with  gradual  soft  X-ray  flares. 
In  the  accompanying  histograms  and  statistical  tables  we  credited 
each  flare  of  the  seven  dual-associated  proton  events  in  Table  1  with 
half  of  an  association.  Thus  we  find  that  “  12  %  (6/52;  t  undeter¬ 
mined  for  2  events)  of  the  major  proton  events  during  the  peak  of 
Solar  Cycle  22  were  associated  with  impulsive  flares,  a  significant 
increase  from  the  3  %  (2  /  61)  value  found  by  Oliver  and  Cane  (1990) 
for  Solar  Cycle  21.  A  contingency  matrix  showing  the  relationship  of 
gradual  and  impulsive  X-class  soft  X-ray  bursts  to  large  proton 
events  is  given  in  Table  2.  Yates'  test  shows  that  the  probability 
of  this  distribution  arising  by  random  chance  is  <  2  x  10'^. 


Table  2.  Contingency  Matrix  Showing  Relationship  Between  X-Class 
Gradual  and  Impulsive  Flares  and  Significant  (>  10  MeV)  Proton  Events 


Protons* 


Yes 

No 

x-class 

Gradual 

27.5 

44.5 

1-8  A  Bursts 

Impulsive 

4.5 

51.5 

*  J  (>  10  MeV) 

>  10  pr  cm'^ 

s'^  sr' 

Oliver  and  Cane  (1990)  also  observed  that  X-class  flares  associated 
with  significant  proton  events  tended  to  be  uniformly  distributed  in 
longitude.  Figure  4  is  a  histogram  of  flare  longitudes  for  the  X-ray 
bursts  associated  with  the  major  proton  events  for  the  first  half  of 
Solar  Cycle  22.  For  both  the  X-class  and  smaller  flares,  there  is  a 
preference  toward  the  western  hemisphere  in  contrast  to  the  results 
of  the  Cliver  and  Cane  study  for  Solar  Cycle  21.- 


90  60  30  0  30  60  90 

EAST  WEST 

FLARE  LONGITUDE 


Figure  4.  The  longitude  distribution  of  solar  flares  associated  with 
major  proton  flares  (J(>  10  MeV)  >  10  cm*^  s'^  sr'^)  from  the  first  half 
of  Solar  Cycle  22  (January  1987  to  September  1991) .  Dark  shading 
indicates  X-class  soft  X-ray  bursts;  light  shading  denotes  M-class 
and  C-class  flares.  Limb  (>  90°)  flares  are  included  in  75-90°  bin. 
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3. 


SUMMARY 


Our  results  for  the  first  half  of  Solar  Cycle  22  are  in  general 
agreement  with  those  of  Oliver  and  Cane  (1990)  for  Solar  Cycle  21. 
Of  the  128  X-class  soft  X-ray  bursts  (with  r  values)  observed  from 
January  1987  to  September  1991,  32  (25%)  were  associated  with  major 
solar  proton  events.  Approximately  44  %  (56  /  128)  of  the  soft  X-ray 
bursts  were  impulsive,  and  only  ‘  8  %  (4.5  /  56)  of  these  were 
associated  with  a  significant  solar  proton  event.  Two  of  the  proton 
events  associated  with  impulsive  flares  (25  July  1989  and  24  May 
1990)  were  Ground-Level  Enhancements  indicating  that  >  500  MeV 
protons  were  present  (Kahler  et  al. ,  1991) . 

Approximately  38  %  (27.5  /  72)  of  the  gradual  X-class  soft  X-ray 
bursts  were  associated  with  solar  proton  events.  The  32  proton 
events  associated  with  X-class  X-ray  bursts  (27.5  gradual  and  4.5 
impulsive)  comprise  ’  60  %  (32  /  54)  of  the  proton  events  with 
identified  sources  observed  through  September  1991  in  Solar  Cycle  22. 
The  remaining  22  major  proton  events  from  this  period  were  associated 
with  M-class  or  C-class  X-ray  bursts,  all  but  two  of  which  were 
gradual  (t  indeterminant  for  two  events). 

The  higher  frequency  (38  %  vs.  8  %)  with  which  gradual  X-class  soft 
X-ray  bursts  are  followed  by  major  proton  events  in  comparison  with 
impulsive  X-class  bursts  indicates  that  t  can  be  used  to  support  null 
forecasts  of  proton  events  following  intense  impulsive  flares.  The 
corresponding  figures  reported  by  Cliver  and  Cane  (1990)  for  the 
percentages  of  gradual  and  impulsive  X-class  bursts  during  Solar 
Cycle  21  that  were  followed  by  major  proton  events  were  30  %  and  3  %, 
respectively,  in  general  agreement  with  results  for  the  peak  of  Solar 
Cycle  22. 
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Abstract*  Coronal  mass  ejections  (CMEs)  are  an  important  aspect  of  coronal 
physics  and  a  potentially  significant  contributor  to  perturbations  of  the  solar  wind, 
such  as  its  mass  flux.  Suificient  data  on  CMEs  are  now  available  to  permit  study 
of  their  longer-term  occurrence  patterns.  Here  we  present  the  results  of  a  study 
of  CME  occurrence  rates  over  more  than  a  complete  11-year  solar  sunspot  cycle 
and  a  comparison  of  these  rates  with  those  of  other  activity  related  to  CMEs 
and  with  the  solar  wind  particle  flux  at  1  AU.  The  study  includes  an  evaluation 
of  corrections  to  the  CME  rates,  which  include  instrument  duty  cycles,  visibility 
functions,  mass  detection  thresholds,  and  geometrical  considerations.  The  main 
results  are  as  follows:  (1)  The  frequency  of  occurrence  of  CMEs  tends  to  track 
the  solar  activity  cycle  in  both  amplitude  and  phase;  (2)  the  CME  rates  from 
different  instruments,  when  corrected  for  both  duty  cycles  and  visibilitjL functions, 
are  rezisonably  consistent;  (3)  considering  only  longer-term  averages,  no  one  class 
of  solar  activity  is  better  correlated  with  CME  rate  than  any  other;  (4)  the  ratio  of 
the  annualized  CME  to  solar  wind  maiss  flux  tends  to  track  the  solar  cycle;  and  (5) 
near  solar  maximum,  CMEs  can  provide  a  significant  fraction  (i.e.,  15%)  of  the 

average  mass  flux  to  the  near-ecliptic  solar  wind. 

1.  Introduction 

Coronal  mass  ejections  (CMEs)  are  now  known  to 
be  important  for  understanding  the  physics  of  the  solar 
corona.  CMEs  are  also  important  to  our  understanding 
of  heliospheric  disturbances  and  even  the  bcickground 
solar  wind  because  they  involve  the  injection  of  signif¬ 
icant  amounts  of  mass  and  energy  into  large  volumes 
of  the  interplanetary  medium.  CMEs  may  also  provide 
the  key  link  between  gepmagnetic  activity  and  suppos¬ 
edly  independent  classes  of  “geoeffective”  solar  activity. 

Therefore,  depending  on  the  distributions  of  the  rates 
and  masses  of  CMEs  directed  into  the  ecliptic,  CMEs 
might  significantly  contribute  to  the  mass  flux  of  the 
solar  wind  as  measured  at  1  AU. 

The  characteristics  of  CMEs  near  the  Sun  have  been 
extensively  studied  by  white  light  coronagraphs  since 
their  discovery  in' the  early  1970s  (see  recent  reviews 
by  Kohler  [1987,  1992];  Harrison  [1991];  Eundhausen 
[1988];  and  Webb  [1992]).  Transient  interplanetary 
shocks  and  the  CME/driver  gas  which  often  accompa¬ 
nies  them  have  also  been  studied  for  over  two  decades 
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by  a  variety  of  techniques  from  spacecraft  and  from 
the  ground  [e.g.,  Klein  and  Burlaga,  1982;  Watan- 
ahe  and  Kakinuma,  1984;  Cane,  1985;  Jackson,  1992; 
Webb  and  Jackson,  1990,  1993].  However,  despite  sig¬ 
nificant  progress  in  studies  of  mass  ejecta  daring  this 
time,  CMEs  are  still  a  relatively  poorly  understood  phe¬ 
nomenon.  Fundamental  questions  remain,  such  as  how 
they  are  initiated,  what  is  their  basic  geometry,  and 
what  is  their  signature  in  and  their  effects  on  the  inter¬ 
planetary  medium. 

The  number  of  observations  of  CMEs  has  increased 
greatly  over  the  last  15  years  so  that  now  we  effectively 
can  study  their  longer-term  occurrence  patterns.  In  this 
paper  we  present  the  results  of  a  study  of  CME  occur¬ 
rence  rates  over  more  than  a  complete  11-year  sunspot 
cycle  and  a  comparison  of  these  rates  with  the  solcir 
wind  particle  flux  at  1  AU. 

Previous  event  by  event  and  statistical  studies  have 
consistently  shown  a  better  association  between  CMEs 
and  certain  classes  of  solar  activity,  such  as  erupting 
prominences,  than  others,  such  as  Ha  flares  (for  a  recent 
review  see  Webb  [1992]).  If  these  associations  are  phys¬ 
ically  relevant  to  the  initiation  and/or  propagation  of 
CMEs,  then  this  differentiation  by  activity  class  should 
be  maintained  over  long  time  intervals.  Therefore,  we 
might  expect  different  average  longer-term  correlations 
between  CMEs  and  other  related  classes  of  solar  activ¬ 
ity. 
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Thus,  our  goals  were  (1)  to  examine  the  longer-term 
veuiation  in  the  rate  of  CMEs  over  more  than  a  com¬ 
plete  sunspot  activity  cycle,  from  1973  to  1989,  using 
data  from  Earth-orbiting  coronagraphs  and  the  Helios 
photometers;  (2)  to  study  the  annual  variations  of  other 
activity  related  to  CMEs  and,  using  statistical  correla¬ 
tion  analyses,  to  compare  the  rates  of  CMEs  with  those 
of  other  activity  related  to  CMEs;  and  (3)  to  estimate 
the  near-ecliptic  contribution  of  CMEs  to  the  solar  wind 
mass  flux  at  1  AU  and  determine  its  variation.  These 
studies  axe  described  in  sections  2,  3,  and  4,  respec¬ 
tively,  and  the  conclusions  are  discussed  in  section  5. 
Wehh  [1991]  presented  an  earlier  preliminary  summary 
of  the  work  discussed  in  sections  2  and  3. 

2.  The  Solar  Cycle  Variation  of  the 
Occurrence  Rate  of  CMEs 

CMEs  are  most  directly  detected  by  white  light  emis¬ 
sion  arising  from  Thomson  scattering  from  free  elec¬ 
trons.  CMEs  were  first  detected  by  a  coronagraph  on 
the  OSO  7  satellite  in  1971-1973,  and  large  numbers 
of  CMEs  have  been  observed  by  orbiting  coronagraphs 
on  Skylab  in  1973-1974,  on  P78-1  in  1979-1985,  and 
on  SMM  in  1980  and  1984-1989,  In  addition,  the  He¬ 
lios  zodiacal  light  photometers  have  been  used  to  de¬ 
tect  CMEs  in  the  interplanetary  medium  [e.g.,  Jackson^ 
1985a]  and  to  estimate  their  occurrence  frequency  from 
1975  to  1982,  a  period  which  includes  a  gap  in  corona- 
graph  coverage  [Webb  and  JacksoUj  1990,  1993].  These 
observations  form  the  basic  database  for  our  study. 

To  properly  utilize  CME  rate  data,  the  observed 
frequencies  of  occurrence  must  be  corrected  for  both 
instrument-dependent  effects  and  effects  due  to  the 
mass  and  geometrical  distributions  of  CMEs.  For  a 
given  coronagraph  the  instrumental  effects  include  the 
observational  duty  cycle,  the  visibility  function  or  the 
detectability  of  CMEs  away  from  the  plane  of  the  sky, 
and  the  detection  threshold  for  events  in  the  skyplane. 

2.1.  Corrections  for  Instrumental  Duty  Cycles 

Only  duty  cycle  corrections  of  observed  CME  rates 
have  been  published  by  the  groups  operating  orbital 
coronagraphs  over  extended  periods  of  time.  Correc¬ 
tions  to  the  CME  rate  using  the  duty  cycles  of  the 
High  Altitude  Observatory’s  (HAO)  Skylab  and  1980 
SMM  coronagraphs  were  described  by  Hundhausen  ei 
al.  [1984],  and  the  annual  observing  efficiencies  over 
the  lifetime  of  the  SMM  instrument  were  discussed  re¬ 
cently  by  MacQueen  and  Si,  Cyr  [1991].  The  annual 
observed  SMM  CME  counting  rates  were  provided  by  A. 
Hundhausen  (private  communication,  1992).  We  then 
corrected  them  for  the  instrument  duty  cycle  in  the  fol¬ 
lowing  way.  First,  we  found  the  annual  number  of  effec¬ 
tive  days  of  SMM  coronagraph  operation  by  multiplying 
the  number  of  effective  days  of  operation  by  the  observ¬ 
ing  efficiency  (a  measure  of  the  frequency  with  which 
complete  coverage  of  the  corona  during  each  orbit  was 
obtained).  These  latter  values  are  tabulated  by  Hund¬ 


hausen  ei  aL  [1984]  for  1980  and  by  MacQueen  and 
Si.  Cyr  [1991]  for  1984-1989.  The  duty  cycle  correction 
was  then  applied  by  dividing  the  observed  annual  CME 
count  rate  by  the  effective  days  of  operation  for  that 
year  to  get  a  daily  corrected  rate. 

Corrections  to  the  CME  rate  using  the  duty  cycles  of 
the  Naval  Research  Laboratory’s  (NRL)  Solwind  coro¬ 
nagraph  were  discussed  for  1979-1981  by  Howard  ei  al. 
[1985]  and  for  1984  and  1985  by  Howard  ei  al.  [1986]. 
For  the  Helios  photometer  data  we  used  the  daily  CME 
occurrence  rates  correct^  for  the  spacecraft  2uid  instru¬ 
ment  duty  cycles  for  1975  to  1982  as  discussed  by  Webb 
and  Jackson  [1990,  1993]. 

2.2.  Corrections  for  Instrumental  Visibility 

Coronagraphs  have  their  maximum  sensitivity  to  events 
in  the  plane  of  the  sky,  so  they  will  miss  or  less  efficiently 
detect  CMEs  which  do  not  originate  at  the  solar  limb. 
Although  the  reduction  in  sensitivity  away  from  this 
plane  due  to  Thomson  scattering  and  vignetting  is  well 
understood  [e.g.,  Hundhausen,  1993],  there  is  no  direct 
way  of  measuring  the  overall  detection  sensitivity  (or 
visibility  function)  of  a  given  coronagraph. 

Webb  [1986]  firstlnadc  preliminary  estimates  of  visi¬ 
bility  corrections  for  these  coronagraphs,  which  tended 
to  reduce  the  discrepancies  in  CME  rates.  In  this  study 
we  extend  that  work  by  using  the  most  recent  CME 
rate  data  corrected  for  both  duty  cycles  and  visibility 
functions,  and  including  CME  rates  for  1975-1982  as 
determined  with  the  Helios  photometers.  Because  of 
the  different  results  reported  in  the  literature  and  the 
importance  of  determining  the  long-term  variation  of 
CME  occurrence,  we  detail  in  this  section  our  method 
of  determining  coronagraph  visibility  functions  and  cor¬ 
recting  the  observed  CME  rates  and  the  use  of  the  He¬ 
lios  photometer  data  for  detecting  and  counting  CMEs 
in  the  interplanetary  medium.  We  emphasize  that  by 
correcting  for  visibility,  we  are  estimating  the  actual 
number  of  CMEs  distributed  globally  around  the  Sun, 
i.e.,  over  360®  in  longitude. 

Metric  type  II  bursts  identified  with  Ha  flares  form 
a  useful  database  for  indirectly  evaluating  the  visibility 
function  of  a  coronagraph.  The  association  between 
type  II  bursts  and  CMEs  has  been  shown  to  be  high  for 
source  regions  near  the  limb  [Munro  ei  al.,  1979;  Kahler 
ei  al.,  1984;  Sawyer,  1985;  Webb  and  Oliver,  1988].  In 
most  cases  the  timing  of  type  II  bursts  permits  accurate 
identification  with  their  parent  Ha  fletres.  Since  the 
longitude  distribution  of  type  II  bursts  associated  with 
Ha  flares  in  general,  and  those  of  Importance  >  1  in 
particular,  is  relatively  uniform  [Wrighi,  1980],  their 
associations  with  or  without  CMEs  can  be  used  as  a 
measure  of  the  detection  efficiency  of  a  coronagraph. 

2.2.1.  Solwind  visibiHty  function.  Kahler  ei 
al.  [1984]  performed  such  an  analysis  of  the  longitude 
distribution  of  Solwind  CMEs  and  type  II  flares  over  3 
I  years  around  the  activity  maximum  of  solar  cycle  21, 
from  March  1979  to  August  1982.  They  compared  a 
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comprehensive  list  of  type  II  bursts  associated  with  Ha 
flares  with  the  Solwind  CMEs  and  generated  lists  of  the 
flares  associated  and  not  associated  with  CMEs.  Figure 
la  shows  their  result,  the  longitude  distribution  of  these 
two  classes  of  type  II  flares.  Consideration  of  this  result 
led  Kahler  ei  aL  [1984]  to  conclude  that  about  60%  of 
all  type  II  flares  were  associated  with  Solwind  CMEs, 
and  that  Solwind  detected  about  two  thirds  of  all  CMEs 
within  30®  of  Sun  center. 

We  updated  Kahler  et  al.’s  result,  comparing  Solwind 
CMEs  with  all  type  II  flares  through  the  end  of  1982. 
The  Solwind  coronagraph  operated  nearly  continuously 
from  March  1979  to  September  1985.  However,  the  op¬ 
erational  duty  cycle  decreased  significantly  in  1984  and 
1985.  In  addition,  beginning  in  early  1983,  the  level 
and  distribution  of  instrumental  stray  light  varied  in¬ 
termittently.  At  its  worst  level,  the  cast  limb  of  the 
Sun  was  obscured,  and  observations  of  CMEs  were  se¬ 
riously  degraded.  Therefore  we  made  no  attempt  to 
determine  Solwind  visibility  functions  for  years  beyond 
1982,  and  have  used  the  function  determined  by  the 
type  II  method  from  the  data  for  1979-1982  for  aU  the 
years  of  operation. 

From  these  data  we  determined  the  visibility  correc¬ 
tion  as  follows.  First,  we  assume  that  the  coronagraph 
is  most  sensitive  to  events  near  the  limb  such  that  its 
efficiency  for  detecting  CMEs  (and  therefore  CMEs  as¬ 
sociated  with  type  II  flares)  is  maximized  between  60® 


and  the  limb.  In  this  band,  62%  of  all  type  II  flares  were 
associated  with  Solwind  CMEs.  We  then  multiplied  the 
total  number  of  type  II  flares  in  the  bins  from  0  to  60® 
by  this  fraction  to  And  the  number  of  CMEs  that  should 
have  been  observed.  Comparison  of  this  number  with 
that  actually  observed  from  0  to  60®  indicates  that  Sol¬ 
wind  detected  about  77%  of  eiU  CMEs.  This  visibility 
function  was  then  applied  by  multiplying  the  Solwind 
duty  cycle  corrected  occurrence  rates  of  CMEs  by  a  fac¬ 
tor  of  1.3.  Note  that  normalizing  the  type  II/CME  dis¬ 
tribution  in  this  way  avoids  such  problems  as  whether 
and  how  the  freiction  of  CMEs  eissociated  with  type  IIs 
might  vary  over  the  solar  cycle,  for  instance,  because  of 
a  variation  in  the  speeds  of  CMEs. 

2.2.2.  SMM  coronagraph  visibiKty  functions. 
We  performed  a  similar  analysis  for  the  SMM  coron¬ 
agraph  using  the  lists  of  observed  CMEs  compiled  by 
BurkepUe  and  St,  Cyr  [1993];  also  see  Webb  [1986]. 
We  compared  the  longitude  distribution  of  these  SMM 
CMEs  with  an  updated  version  of  Kahler  ^s  list  of  type 
II  flares  (S.  Kahler,  private  communication).  This  dis¬ 
tribution  for  1980  indicates  that  the  SMM  coronagraph 
detected  significantly  fewer  CMEs  within  45®  of  Sun 
center.  Thus,  its  detection  efficiency  decreased  from 
the  limb  inward.  The  1980  data  yielded  a  multiplica¬ 
tive  visibility  correction  for  the  SMM  CME  rate  of  1.7, 
significantly  higher  than  that  for  Solwind.  However,  we 


LONGITUDE  (degrees)  LONGITUDE  (degrees) 

Figure  1.  Heliolongitude  distributions  of  metric  type  II  bursts  with  Ha-associated  flares  with 
and  without  (a)  Solwind  and  (b)  SMM  CMEs  during  solar  maximum.  The  data  are  summed  in 
15®  longitude  bins.  Also  see  Kahler  ei  al.  [1984], 
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did  not  use  this  value  for  the  1980  data  because  we  be¬ 
lieve  that  data  were  statistically  maurginal  cOid  the  east 
and  west  limbs  were  not  sampled  in  a  consistent  man¬ 
ner. 

The  SMM  satellite  failed  late  in  1980,  then  was  re¬ 
paired  by  shuttle  astronauts  in  April  1984.  The  SMM 
coronagraph  then  operated  nearly  continuously,  acquir¬ 
ing  data  at  a  regular  cadence  of  one  complete  view  of  the 
corona  per  spacecraft  orbit,  or  every  90  min,  &om  June 
1984  to  November  1989  [BuTke^ile  and  St.  Cyr,  1993]. 
Since  the  main  electronics  box  of  the  instrument  was 
replaced  and  the  operational  philosophy  changed  be¬ 
ginning  in  1984,  we  reanalyzed  the  visibility  function  of 
the  coronagraph  using  all  identified  type  II  flares  during 
the  coronagraph  operating  period  through  1989.  The 
numbers  of  reported  type  II  bursts /flares  during  solar 
minimum  in  1984-1986  were  too  sparse  for  an  adequate 
statistical  test  of  the  visibility  function  in  those  years. 
However,  the  numbers  were  robust  for  the  1987-1989 
period  and  resulted  in  153  type  II  flares  to  compare 
vrith  the  CME  data.  These  distributions  are  plotted 
in  Figure  lb.  We  found  that  the  coronagraph  visibility 
function  for  these  years  was  identical  to  that  of  Solwind 
in  1979-1982  (i.e.,  yielding  a  correction  of  1.3).  Kakler 
ei  al.  [1984]  also  found  a  similar  result  for  the  Skylab 
CMEs.  The  weighted  average  of  the  type  II/CME  data 
for  SMM  in  1980  and  1987—1989  gave  a  visibility  correc¬ 
tion  of  1.4.  We  decided  to  apply  this  single  correction 
to  all  of  the  Skylab  and  SMM  CME  rates. 

2.2.3.  Helios  photometer  visibility  frmetion. 
Jackson  and  Leinert  [1985]  and  Jackson  [1985a]  have 
described  the  use  of  the  Helios  zodiacal  fight  photome¬ 
ters  as  a  means  of  detecting  and  studying  CMEs  in  the 
interplanetary  medium.  Webb  and:  Jackson  [1990,  1993] 
have  used  the  photometer  data  to  count  and  estimate 
the  frequency  of  occurrence  of  CMEs  from  1975  through 
1982,  thereby  filling  a  long  gap  in  the  Earth-based  coro¬ 
nagraph  coverage.  In  the  Helios  data,  CMEs  are  iden¬ 
tified  as  electron  plasnla  clouds  moving  radially  out¬ 
ward  from  the  Sun.  Event  studies  have  found  the  He¬ 
lios  CMEs  to  be  well  associated  with  Solwind  and  SMM 
CMEs  observed  earlier  near  the  Sun  (e.g.,  Jackson  and 
Leinert  [1985];  Jackson  ei  al.  [1985];  Jackson  [1985b]; 
McCabe  et  al.  [1986];  Webb  and  Jackson  [1990]).  Webb 
and  Jackson  also  found  that  during  the  period  of  over¬ 
lapping  coverage  in  1979,  the  occurrence  rates,  speeds, 
and  size  scales  of  Helios  and  Solwind  CMEs  were  com¬ 
parable  indicating  that  the  Helios  photometers  detected 
most  CMEs  directed  through  their  fields  of  view. 

In  this  study  we  used  the  daily  CME  occurrence  rates 
for  Helios  for  1975-1982  corrected  for  spacecraft  and  in¬ 
strument  duty  cycles  and  instrument  visibility  function 
as  determined  by  Webb  and  Jackson  [1993].  Because 
of  the  heliospheric  perspective  from  Helios,  Webb  and 
Jackson  could  not  use  the  aforementioned  type  Il/flare 
technique  to  determine  a  visibility  correction  for  He¬ 
lios.  Instead,  they  made  a  single,  coarse  correction  for 
the  global  (360°)  azimuthal  distribution  of  CMEs  by 
multipl3ring  the  duty  cycle  rates  by  a  factor  of  8.  This 
correction  is  based  on  the  assumptions  that  the  longitu¬ 


dinal  distribution  of  CMEs  is  uniform  and  that  the  aver¬ 
age  longitudinal  width  of  a  CME  is  equal  to  the  average 
CME  latitudinal  span  of  45°  [e.g.,  Kakler,  1987].  There¬ 
fore,  in  ecliptic  longitude  Helios  should  have  intersected 
only  approximately  |  of  aU  CMEs.  This  correction  is 
appropriate  because,  although  the  Helios  photometers 
could  remotely  view  a  wide  range  of  longitude,  Webb 
and  Jackson  [1993]  selected  only  those  CMEs  which 
were  directed  toward  the  spacecraft. 

2.3.  Corrected  CME  Occurrence  Rate 

In  Table  1  we  fist  long-term  occurrence  rates  of  the 
CMEs  and  of  other  activity  related  to  CMEs.  These 
data  span  a  period  of  18  years,  or  about  l|  solar  cy¬ 
cles,  from  1972,  one  year  before  the  start  of  the  Skylab 
mission  in  June  1973,  the  demise  of  SMM  in  Novem¬ 
ber  1989.  Annual  values  of  the  non-CME  data  from 
1972  through  1989  are  included  for  completeness  and 
will  be  discussed  in  section  3.  The  CME  data  cover  17 
years,  with  only  1974  lacking  any  significant  amount  of 
CME  data.  Included  are  the  data  discussed  above  from 
the  spacebome  coronagraphs  on  Skylab  from  1973  to 
1974,  P78-1  (Solwind)  from  1979  to  1985,  and  SMM  in 

1980  and  from  1984  4o  1989,  and  from  the  Helios  pho¬ 
tometers  from  1975  to  1982.  For  now  we  restrict  our 
attention  to  the  first  five  columns  of  Table  1.  Column 
1  fists  the  year  and  instrumental  source  of  the  CME 
data.  Columns  3-5  include  the  following  occurrence 
rates:  the  uncorrected  observed  rate,  the  duty  cycle 
corrected  rate,  and  our  rate  corrected  for  the  instru¬ 
ment  visibility  function,  respectively.  The  units  of  the 
rates  are  CME  per  day  averaged  over  the  number  of 
months  within  each  year  when  the  CME  data  were  ob¬ 
tained  with  each  instrument  (column  2).  Daily  CME 
rates  axe  used  for  consistency  with  current  convention. 

For  each  year  of  its  operation  two  Solwind  rates  axe 
given,  one  for  all  observed  CMEs  and  a  lower  one  for 
only  “major”  CMEs  (those  designated  Y  +  Q).  The 
importcince  categorization  was  discussed  by  Howard  ei 
al.  [1985],  who  separated  the  observed  CMEs  into  one  of 
three  categories,  Y,  Q,  or  N,  based  on  their  subjective 
impression  as  to  whether  or  not  the  CME  event  was 
considered  major.  K  agreement  could  not  be  reached  or 
if  the  CME  was  not  well  observed,  then  it  was  placed  in 
the  Q  category.  In  general,  the  brighter  and/or  larger 
CMEs  were  Y  class  and  the  fainter  and/or  narrower 
CMEs  were  N  class. 

The  daily  CME  rates  from  column  5  of  Table  1,  cor¬ 
rected  for  duty  cycles  and  visibility  functions,  are  plot¬ 
ted  in  Figure  2a.  Continuous  stretches  of  data  from  a 
single  experiment  have  been  connected  by  lines  to  guide 
the  eye.  We  conclude  the  following  from  the  CME  rate 
data:  (1)  The  CME  rates  tend  to  track  that  of  the  so¬ 
lar  activity  cycle,  as  usually  traced  by  sunspot  number, 
with  minima  in  1976  and  1985  and  maxima  in  1980- 

1981  and  1989.  (2)  After  corrections  for  duty  cycles 
and  visibility  frinctions  (but  not  detection  thresholds), 
the  annual  CME  rates  from  different  instruments  arc 
in  reasonable  agreement.  (3)  The  Helios  and  Solwind 
CME  rates  in  1979  overlap.  The  near-equality  of  the 
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Helios  rate  with  that  of  major  Solwind  CMEs  and  the 
association  of  individual  Helios  CMEs  with  major  Sol- 
wind  CMEs  [Webb  and  Jackson,  1990]  suggest  that  only 
the  larger,  more  energetic  CMEs  significantly  influence 
the  interplanetary  medium.  (4)  Given  result  1,  we  can 
predict  that  there  should  be  a  good  correlation  between 
the  occurrence  rates  of  CMEs  and  those  of  other  activity 
related  to  CMEs.  As  shown  in  section  3,  this  expecta¬ 
tion  is,  in  general,  obtained. 

3.  The  Solar  Cycle  Variation  of  the 
Rates  of  Activity  Related  to  CMEs 

Both  individual  event  and  statistical  studies  have 
consistently  shown  different  degrees  of  association  be¬ 
tween  CMEs  and  certain  classes  of  solar  activity.  For 
example,  activity  such  as  erupting  prominences  and  soft 
X-ray  long  decay  events  (LDEs)  are  better  associated 
with  the  location  and  onset  times  of  CMEs  than  are  Ha 
flares  [Munro  ei  aL,  1979;  Sheeley  ei  al.,  1983;  Webb  and 
Hundhausen,  1987;  Kahler,  1987,  1992].  Coronal  shock 
waves,  as  evidenced  by  metric  type  II  emission,  are  well 
correlated  with  faster  CMEs  (>  400  km/s)  [Gosling  ei 
aL,  1976;  Sheeley  ei  al.,  1984].  Transient  interplane¬ 
tary  shocks,  which  may  evolve  from  coronal  shocks  and 
can  be  tracked  outward  by  kilometric  type  11  radiation, 
cixe  also  well  associated  with  fast  CMEs  [Sheeley  ei  aL, 
1985;  Cane  ei  aL,  1987].  Such  studies  lead  us  to  ex¬ 
pect  different  average  longer-term  correlations  between 
CMEs  and  other  related  classes  of  solar  activity.  It  is 
our  purpose  in  this  section  to  examine  the  statistical 
strength  of  these  relationships  over  solar  cycle  time  pe¬ 
riods. 

To  this  end  we  collated  the  occurrence  rates,  in  units 
of  counts  per  month,  of  the  following  classes  of  activity 
during  the  interval  1972-1989  for  comparison  with  the 
CME  occurrence  rate  data:  smoothed  sunspot  numbers, 
Ha  flares,  metric  type  II  bursts  (coronal  shocks),  in¬ 
terplanetary  shocks,  long-duration  10.7-cm  gradual  rise 
and  fall  bursts  (GRFs),  disappearing  filaments  (DFs), 
and  erupting  prominences  at  the  limb  (EPLs).  All  of 
these  classes  of  activity  have  been  considered  in  previ¬ 
ous  CME  association  studies  [e.g.,  Webb,  1992].  In  con¬ 
trast  to  the  CME  analysis,  we  did  not  attempt  to  derive 
absolute  occurrence  rates  of  these  parameters  but  only 
to  assure  that  each  activity  data  set  was  internally  con¬ 
sistent.  In  other  words,  our  approach  was  to  make  the 
data  sets  comparable  with  each  other  in  a  relative  sense 
and,  in  particular,  with  the  CME  rate  data. 

Tabulations  of  the  rates  of  these  classes  of  activity, 
averaged  on  an  annual  basis  over  the  appropriate  CME 
observing  period,  are  presented  in  columns  6—13  of  Ta¬ 
ble  1.  The  annual  numbers  of  the  activity  classes  are 
plotted  in  Figures  2  and  3.  In  Figure  2b  we  show  plots 
of  smoothed  sunspot  numbers  and  metric  type  II  bursts 
from  1972  to  1989.  The  sunspot  numbers  were  taken 
from  the  Solar-Geophysical  Data  (SGD)  Bulletin  tables 
of  smoothed  monthly  sunspot  numbers,  a  commonly 
used  tracer  of  solar  activity. 


The  metric  type  II  burst  data  include  all  such  bursts 
listed  in  the  SGD  tables  of  “Solar  Radio  Emission  Spec¬ 
tral  Observations” .  Additional  events  were  included 
from  catalogs  of  type  II  bursts  compiled  by  Dodge 
[1974],  Krivsky  and  Lukac  [1980],  and  S.  Kahler  (pri¬ 
vate  communication).  Like  many  of  the  solar  synop¬ 
tic  databases,  the  number  of  observatories  reporting 
type  II  bursts  varied  over  this  period.  But  the  re¬ 
ports  from  Culgoora  Observatory  in  Australia  are  con¬ 
sistently  available  and  dominate  the  type  II  burst  data; 
on  average  Culgoora  reported  about  half  of  all  type  II 
bursts.  An  annualised  plot  of  Culgoora  type  II  bursts 
mimics  that  of  all  type  II  bursts. 

Figure  2c  shows  plots  of  two  classes  of  solar  Ha  flares 
for  the  period  1975-1989.  The  first  class  consists  of  all 
grouped  Ha  flares  of  Importance  >  1.  This  class  of 
larger  flares  is  more  likely  to  be  associated  with  CMEs 
than  subflares  [e.g.,  Muni*o  ei  aL,  1979].  The  second 
class  consists  of  all  grouped  Ha  flares  of  duration  >  1 
hour.  Long-duration  flares  are  also  known  to  be  better 
associated  with  CMEs. 

Figure  3a  shows  the  annual  variation  of  the  occur¬ 
rence  rate  of  two  samples  of  interplanetary  shock  waves. 
At  the  top  is  plotted  the  annual  variation  of  sudden 
commencement  (SC)  geomagnetic  storms  at  Earth  from 
the  annual  planetary  Kp  indices  in  SGD,  The  solar  cy¬ 
cle  variation  of  these  SCs  was  first  discussed  by  Cane 
[1988].  Although  there  are  problems  with  the  system¬ 
atic  identification  and  recording  of  SCs,  it  is  aiccepted 
that  most  well-observed  SCs  are  accompcmied  by  inter- 
pleinetary  shocks  recorded  by  spacecraft  at  1  AU  [Smiih 
1983].  Plotted  at  the  bottom  are  shocks  identified  in  the 
Los  Alamos  plasma  experiments  data  on  IMP  6,  7,  and 
8  in  Earth  orbit  from  1972  to  1978  [Borrini  ei  aL,  1982], 
and  from  the  Max  Planck  plasma  and  magnetic  field  ex¬ 
periments  on  the  Helios  1  spacecraft  orbiting  the  Sun 
from  1975  to  1982  (R.  Schwenn,  private  communication, 
1986). 

Figure  3b  is  a  plot  of  the  annual  variation  of  the  oc¬ 
currence  rate  of  microwave  10.7  cm  GRF  bursts  of  du¬ 
ration  >  4  hours.  These  data  are  from  the  monthly 
lists  of  outstanding  events  at  the  Canadian  radio  ob¬ 
servatories  at  Ottawa,  Ontario  (2800  MHz),  and  at 
Penticton,  British  Columbia  (2700  MHz),  operated  by 
the  Herzberg  Institute  of  Astrophysics.  They  were  col¬ 
lected  through  1985  and  were  discussed  by  Kahler  and 
Cliver  [1988].  For  this  study  we  extended  the  database 
through  1989.  Kahler  and  Cliver  consider  the  long- 
duration  GRFs  to  be  a  good  proxy  for  X-ray  LDEs, 
which  are  themselves  well  cLssociated  with  CMEs  [e.g., 
Kahler,  1977;  Sheeley  ei  aL,  1983]. 

Figure  3c  shows  the  annual  variation  of  the  occur¬ 
rence  rate  of  DFs  on  the  solar  disk  from  1972  to  1989, 
and  of  EPLs  from  1976  to  1989.  The  data  on  DFs  are 
from  catalogs  of  DFs  collected  by  J.  Joselyn  (private 
communication,  1993)  fltom  1976  to  1989  and  by  Wrighi 
[1991]  from  1965  to  1980.  The  DFs  in  both  data  sets 
were  counted  systematically  using  daily  Ha  full-disk 
photographs.  No  attempt  was  made  to  include  DFs 
within  active  regions  where  most  flares  occur,  so  these 
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YEAR 

Figure  2.  (a)  Rate  of  occurrence  of  CMEs  over  the  so¬ 
lar  cycle.  Data  arc  corr^ted  for  instrumental  duty  cy¬ 
cles  and  visibility  functions  as  discussed  in  text  and  are 
tabulated  in  Table  1.  The  data  cire  from  coronagraphs 
on  Skylab  and  SMM  (circles)  and  P78-1  (squares)  satel¬ 
lites,  and  from  the  Helios  1  cind  2  photometers  (trian¬ 
gles).  Two  Sol  wind  rates  are  given,  one  for  aU  CMEs 


are  representative  of  DF  events  which  are  independent 
of  flares. 

Also  plotted  in  Figure  3c  are  the  annual  counts  of 
EPLs.  We  compiled  these  data  from  the  individual  ob¬ 
servatory  reports  of  active  prominences  and  filaments 
that  are  sent  to  the  World  Data  Center  A  (WDC-A)  in 
Boulder,  Colorado.  The  reports  before  1985  were  pro¬ 
vided  to  us  courtesy  of  J.  Joselyn  and  H.  Coffey  and 
after  February  1984  were  taken  directly  from  the  SGD 
listings.  These  data  are  probably  the  least  reliable  of  all 
of  our  databases;  the  reporting  of  EPLs  is  inconsistent 
from  one  observatory  to  the  next,  and  the  number  of 
observatories  reporting  EPLs  varies  widely  from  year  to 
year.  The  longest  enduring  and  most  consistent  fraction 
of  reports  was  from  the  observatories  at  Catania,  Italy 
and  Culgoora,  Australia.  The  annual  EPL  count  is  the 
sum  of  all  EPLs  reported  by  aU  observatories  reporting 
for  every  month  of  each  year.  From  1984  to  1989  we 
listed  only  reports  of  separate  EPLs.  Before  1984  we 
normalized  the  total  number  of  reports  to  account  for 
multiple  reports  of  the  same  EPL. 

These  activity  data  sets  show  similar  annual  trends, 
with  minima  in  1976-1977  and  1985-1986  and  maxima 
about  1980  amd  1989.  Not  surprisingly,  the  curves  of 
sunspot  numbers  aid  Ha  flares  are  very  similar.  (We 
cannot  explain  the  peak  in  1982  in  the  curve  of  flares  of 
Importance  >1.)  The  rates  of  type  II  bursts  and  long- 
duration  flares  generally  followed  the  sunspot  cycle  but 
with  sharp  rises  in  1978  to  flat- topped  maxima  extend¬ 
ing  through  1982,  followed  by  rapid  declines.  These 
sharp  rises  in  1978,  only  2  years  after  sunspot  mini¬ 
mum,  also  were  reflected  in  the  rates  of  interplanetary 
shocks,  GRFs  and  DFs;  in  addition,  the  GRF  rate  fell 
rapidly  after  1982. 

We  can  now  compare  the  corrected  occurrence  rates 
of  CMEs  with  the  rates  of  each  activity  class  averaged 
only  over  those  months  when  the  CME  observations 
were  obtained  (Table  1),  and  calculate  the  linear  corre¬ 
lation  functions.  As  an  example,  in  Figure  4  we  present 
the  plot  of  the  daily  CME  rates  versus  equivalent  av¬ 
erage  monthly  sunspot  numbers.  The  linear  regression 
line  is  shown,  and  the  correlation  parameters  are  given 
in  Table  2.  The  symbols  refer  to  the  same  CME  data 
as  in  Figure  2a, 


and  a  lower  one  for  only  “major”  (Y  -j-  Q)  CMEs.  (b) 
Annual  numbers  of  smoothed  sunspot  numbers  (tri¬ 
angles)  and  metric  type  II  bursts  (circles)  from  1972 
to  1989.  The  sunspot  numbers  are  from  the  Solar- 
Geophysical  Data  (SGD)  Bulletins  tables  of  smoothed 
monthly  sunspot  numbers.  The  metric  type  II  burst 
data  are  from  the  SGD  tables  of  “Solar  Ra^o  Emission 
Spectral  Observations” ,  and  from  catalogs  by  S.  Kahler 
(private  communication)  and  Krivsky  and  Lukac  [1980]. 
(c)  Annual  numbers  of  two  classes  of  Ha  flares  from 
1975  to  1989.  The  flare  data  are  for  “grouped”  flares 
and  were  provided  courtesy  of  J.  McKinnon  of  the  Na¬ 
tional  Geophysical  Data  Center.  The  two  classes  are 
flaxes  of  Importance  >  1  (triangles)  and  flares  of  dura¬ 
tion  >  1  hour  (circles). 
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Figure  3.  (a)  Annual  numbers  of  two  sets  of  interplan¬ 
etary  shock  waves,  (top)  Sudden  commencement  (SC) 
geomagnetic  storms  at  Earth  &om  the  annual  plan¬ 
etary  magnetic  3-hour-rangc  indices  oi  Kp  published 


All  of  the  correlation  data  reveal  similar  trends.  The 
greatest  scatter  about  the  mean  is  for  the  years  around 
maximum  activity.  The  1980  and  1989  SMM  points  lie 
farthest  above  and  the  Helios  data  lie  farthest  below  the 
linear  regression  line. 

Table  2  summarizes  the  results  of  the  statistical  com¬ 
parison  between  the  occurrence  rates  of  CMEs  and 
those  of  the  related  activity  classes.  The  activity  classes 
are  listed  in  descending  order  of  the  linear  correlation 
coefficients  r  of  their  fits  to  the  CME  rates.  The  quain- 
tity  r  basically  measures  the  degree  of  scatter  in  the 
fits.  The  third  column  shows  the  number  of  degrees  of 
freedom  (the  number  of  CME  intervals  from  Table  2 
having  that  particular  kind  of  related  activity)  in  each 
data  set.  Although  all  of  the  activity  classes  are  cor¬ 
related  with  the  CME  rate  at  >95%  confidence  level, 
the  best  fit  is  with  sunspot  numbers.  We  note  that 
there  is  a  large  discrepancy  between  the  fits  of  CMEs 
and  SCs  as  an  interplanetary  shock  proxy,  and  of  CMEs 
and  spacecraft-observed  shocks.  We  do  not  know  why 
this  is,  except  that  the  poor  fit  with  the  spacecraft  data 
may  be  related  to  problems  with  single-point  spacecraft 
measurements  and  inadequate  duty  cycle  corrections. 

The  amplitudes  of  the  cyclical  variations  of  each  class, 
shown  as  the  ratio  of  Jhe  rates  at  solar  maximum  to 
those  at  minimum,  are  given  in  Table  2  for  cycles  21 
(1980/1976)  and  22  (1989/1986).  The  CME  amplitudes 
were  derived  from  the  SMM  and  Helios  rates  as  indi¬ 
cated  in  Table  2. 

The  correlations  in  Table  2  are  all  surprisingly  high 
considering  the  varying  quality  and  methods  of  acquisi¬ 
tion  of  the  data  sets.  Given  this  variation,  these  results 
lead  us  to  the  following  conclusions:  (1)  Over  the  long 
term,  no  one  class  of  solar  activity  is  better  correlated 
with  CME  rate  than  any  other,  and  (2)  the  CME  rate 


in  SGD.  Also  see  Cane  [1988].  (bottom)  Data  from 
the  Los  Alamos  plasma  experiments  on  IMP  6,  7,  and 
8  from  1972  to  1978  [Borrini  ei  aL,  1982],  and  from 
the  Max  Planck  experiment  on  the  Helios  1  spacecraft 
from  1975  to  1982  (R.  Schwenn,  private  communica¬ 
tion,  1986).  (b)  Annucd  numbers  of  microwave  10.7- 
cm  gradual  rise  and  fall  bursts  (GRFs)  of  duration  4 
hours  or  greater.  From  the  monthly  lists  of  outstanding 
events  at  the  radio  observatories  at  Ottawa  (2800  MHz) 
and  at  Penticton  (2700  MHz)  operated  by  the  Herzberg 
Institute  of  Astrophysics.  Also  see  Kahler  and  Oliver 
[1988].  (c)  Annual  numbers  of  disappearing  filaments 
(DFs)  on  the  solar  disk  from  1972  to  1989,  and  erupt¬ 
ing  filaments  at  the  limb  (EPLs)  from  1976  to  1989. 
The  circles  are  DFs  from  an  unpublished  catalog  of 
J.  Joselyn  (NOAA  Space  Environment  Laboratory,  pri¬ 
vate  communication,  1993),  the  squares  are  DFs  from 
the  catalog  of  Wright  [1991],  and  the  triangles  are  EPLs 
from  the  SGD  lists  of  active  prominences  and  filsments 
and  by  courtesy  of  H.  Coflfey  of  the  National  Geophysi¬ 
cal  Data  Center.  The  DFs  were  counted  systematically 
on  daily  Ha  full-disk  photographs.  J.  Joselyn  used  pri¬ 
marily  photographs  taken  at  Boulder  and  Wright  used 
photographs  from  Culgoora,  Australia. 
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Figure  4.  Comparison  of  the  occurrence  rates  of  CMEs  and  monthly  sunspot  numbers  averaged 
over  the  appropriate  CME  observing  period.  The  line  is  the  linear  regression  fit,  and  the  corre¬ 
lation  parameters  are  given  in  Table  2.  The  symbols  refer  to  the  same  CME  data  as  in  Figure 
2a,  except  crosses  instead  of  squares.  Only  the  total  Solwind  CME  points  are  shown  and  used  in 
the  statistical  analysis. 


varies  over  the  cycle  by  about  an  order  of  magnitude,  a 
range  similar  to  that  of  the  other  activity  classes.  (How¬ 
ever,  the  variations  of  the  rates  of  DFs  and  SCs  are 
significantly  lower  and  of  flares  higher  than  this  range.) 

4.  The  Contribution  of  CMEs  to  the 
Solar  Wind  Mass  Flux 

Since  typical  CMEs  are  massive  and,  at  least  near  so¬ 
lar  maximum,  relatively  frequent,  they  might  contribute 
significant  amounts  of  mass  to  the  solar  wind.  In  sec¬ 
tion  2  we  evaluated  the  variation  of  the  CME  occurrence 
frequency  over  the  solar  cycle  by  performing  corrections 
for  the  duty  cycle  and  visibility  function  of  each  instru¬ 
ment.  In  this  section  we  use  these  results  to  estimate 
the  contribution  of  CMEs  to  the  solar  wind  mass  flux 
measured  at  1  AU.  First,  in  section  4.1  we  calculate  the 
annual  average  CME  mass  flux  into  the  ecliptic  over  the 
solar  cycle,  making  appropriate  corrections  for  the  lati¬ 


tude  variations  and  mass  distributions  of  CMEs.  Then 
in  section  4.2  we  discuss  the  available  data  on  annual 
averages  of  the  solar  wind  particle  flux  normalized  to  1 
AU,  and,  finally,  in  section  4.3  we  estimate  the  annual 
percentage  contributions  of  CMEs  to  this  mass  flux. 

4.1.  The  Near-Ecliptic  CME  Mass  Flux 

To  more  accurately  evaluate  the  contribution  of  CMEs 
to  the  solar  wind  mass  flux,  farther  corrections  should 
be  made  to  the  occurrence  rate  of  CMEs  to  account 
for  characteristics  such  as  their  mass  and  latitude  and 
longitude  distributions,  all  as  functions  of  time.  A  fun¬ 
damental  parameter  for  deducing  the  CME  mass  flux  is 
knowledge  of  the  true  CME  mass  distribution  and  how 
it  varies  with  time.  This  parameter  is  poorly  known 
because  the  detection  threshold,  or  sensitivity  function 
of  a  given  coronagraph  for  CMEs  in  the  plane  of  the  sky 
is  not  known,  and  the  derivation  of  excess  mass  for  any 
event  is  a  time-consumihg  process  yielding  results  with 
large  uncertainties. 


WEBB  AND  HOWARD:  CORONAL  MASS  EJECTIONS  AND  SOLAR  WIND  MASS  FLUX 


4211 


Table  2.  Comparison  of  the  Long-Term  Occurrence  Rates  of  CMEs  With  Related 
Solar  Activity 


Linear  Correlation 

Cycle  21 

Cycle  22 

Activity  Class 

r 

N“ 

Amplitude 

Amplitude 

CMEs 

— 

— 

11.5;  9^ 

11"= 

Sunspot  number 

0.94 

23 

12 

11 

Interplanetary  shocks:  SCs 

0.91 

23 

3.8 

3.3 

EPLs 

0.86 

21 

14 

8 

Ha  flares  >  1  hour 

0.86 

22 

32 

14 

10.7-cm  GRF  bursts 

0.85 

23 

11.5 

9 

Type  n  bursts 

0.84 

23 

13 

10 

Disappearing  filaments 

0.84 

21 

2.5 

3 

Ha  flaxes  >  Importance  1 

0.79 

22 

41 

14 

Interplanetary  shocks:  spacecraft 

0.64 

14 

7.8 

— 

^Parentheses  indicate  the  number  of  degrees  of  freedom. 

‘'The  CME  ratios  are  for  SMM  1980/HELIOS  1976  and  HELIOS  1981/HELIOS  1976, 
respectively. 

"Tor  SMM  1989/SMM  1985. 


Observationally,  the  measurable  mass  of  a  OME  is 
the  amount  of  excess  material  in  the  field  of  view  of 
a  coronagraph  at  a  given  time  when  compared  to  the 
amount  present  at  an  earlier  time  when  the  CME  was 
not  present.  The  mass  of  a  CME  is  usually  derived  by 
integrating  over  contours  of  excess  columnar  density, 
which  are  proportional  to  brightness  changes  [Stewart  ei 
al.j  1974;  Jackson  and  Hildner,  1978;  Illing  and  Hund- 
hausen,  1986;  Karpen  and  Howard,  1987].  The  excess 
mass  attributed  to  a  given  event  is  usually  computed  us¬ 
ing  only  one  or  a  few  images  at  a  time  when  the  bright 
leading  edge  of  the  CME  is  within  the  field  of  view  of 
the  coronagraph.  At  later  times  after  the  leading  edge 
has  moved  out  of  the  field  of  view,  mass  presumably 
continues  to  Row  upward  6om  below  the  occulting  disk 
but  is  not  accounted  for.  That  such  mass  calculations 
result  in  underestimates  is  suggested  by  estimates  of 
CME  masses  in  the  interplanetary  medium  [Jackson, 
1985a],  ejected  toward  Earth  [Howard  ei  aL,  1982],  and 
in  possible  flows  beneath  the  leading  edge  [Anzer  and 
Poland,  1979].  These  results  imply  that  t3rpical  corona- 
graph  estimates  of  mass*  in  the  plane  of  the  sky  may  be 
underestimated  by  factors  of  2  or  3. 

Excess  mass  calculations  of  24  Skylab  CMEs  ob¬ 
served  in  1973  to  1974  gave  a  mass  distribution  narrowly 
peaked  at  1-5  x  lO^^g  with  a  lower  cutoff  of  8  x  lO^^g 
[Rust  and  Hildner  ei  al.,  1980].  CME  mass  calculations 
using  SMM  data  have  been  limited  because  of  photo¬ 
metric  calibration  problems,  but  early  estimates  of  some 
1980  CME  masses  yielded  values  similar  to  those  of  Sky- 
lab  CMEs  [e.g.,  Rling  and  Hundhausen,  1985].  We  will 
adopt  the  average  value  of  Skylab  CME  masses  of  «  5 
X  lO^^g  for  the  average  mass  of  both  Skylab  and  SMM 
CMEs  in  1980  for  our  subsequent  mass  flux  calculations. 

The  detailed  properties  of  Solwind  CMEs  have  been 
published  by  Howard  ei  aL  [1985,  1986].  In  Figure  5 
we  present  histograms  of  the  annual  distributions  of  four 
of  these  properties  which  are  important  for  estimating 


the  contribution  of  CMEs  to  the  solar  wind  mass  flux. 
These  are  the  angular  span  or  width,  the  apparent  cen¬ 
tral  latitude,  masses  and  mass  per  degree  of  latitude. 
We  have  also  determined  the  annual  averages  of  these 
properties  for  comparison  with  the  CME  rate  data. 

The  Solwind  mass  distributions  shown  in  Figure  5b 
were  estimated  indirectly  as  foUows  [see  Howard  ei  aL, 
1985].  First,  mass/degree  factors  were  estimated  for 
three  brightness  classes  of  CMEs  as  calibrated  with 
15  well-observed  Solwind  CMEs.  Then  the  angular 
span  of  a  given  CME  was  multiplied  by  its  appropri¬ 
ate  mass/degree  factor  to  yield  the  total  mass.  The 
Solwind  mass  distributions  are  fairly  broad  and  .similar 
for  each  year,  except  that  they  shift  toward  lower  values 
as  one  goes  Horn  activity  maximum  to  minimum.  The 
average  CME  mass  in  1979-1981  was  4.0  x  lO^^g,  in 
general  agreement  with  the  Skylab  results. 

Several  factors  must  be  noted  in  comparing  the  CME 
mass  distributions  calculated  for  the  Skylab  and  Sol¬ 
wind  data.  The  Skylab  measurements  were  biased  to¬ 
ward  larger,  brighter  events,  and  that  sample  is  well 
calibrated  but  small.  No  attempt  was  made  to  calcu¬ 
late  the  masses  of  a  representative  sample  of  all  CMEs 
observed  by  Skylab  and  therefore  the  sensitivity  func¬ 
tion  of  the  coronagraph.  However,  Jackson  and  Howard 
[1993]  have  estimated  that  Skylab  CMEs  with  masses 
>  3  x  lO^'^g  would  have  been  detected  by  the  method 
Jackson  and  Hildner  [1978]  used  to  find  Skylab  forerun¬ 
ners.  On  the  other  hand,  although  the  Solwind  calcu¬ 
lations  are  indirect,  the  sample  of  events  is  large  with 
over  1600  CMEs  observed  over  the  life  of  the  instru¬ 
ment.  The  mass  distribution  curve  of  Solwind  CMEs 
gradually  turns  over  toward  the  low  end  (Figure  5b), 
suggesting  a  lower  mass  limit  of  1-2  x  lO^^g  (see  also 
Jackson  and  Howard  [1993]),  The  Solwind  field  of  view 
is  also  larger  than  that  of  either  the  Skylab  or  SMM 
coronagraphs,  an  effect  which  should  on  average  yield 
larger  CME  masses. 


f? 


Figure  5.  Stacked  histograms  showing  the  annual  variations  of  four  parameters  of  Solwind 
CMEs  from  1979  to  1985.  The  plots  show  the  fraction  in  percent  attributed  to  each  bin.  The 
years  3  )84  and  1985  have  been  combined  to  improve  the  statistics.  The  total  number  of  CMEs 
measu..ed  in  each  year  are  shown  on  each  panel.  The  four  parameters  are  (a)  angular  span  or 
width  (left)  and  apparent  central  latitude  (right),  and  (b)  mass  (left)  and  mass  per  degree  of 
latitude  (right).  Also  see  Howard  et  aL  [1985]. 

//y/9 


4214 


WEBB  AND  HOWARD:  CORONAL  MASS  EJECTIONS  AND  SOLAR  WIND  MASS  FLUX 


Knowledge  of  the  helioiatitude  distributions  of  CMEs 
and  their  shapes  and  trajectories  is  important  for  de¬ 
termining  the  influence  of  CMEs  on  the  near-eciiptic 
solar  wind.  The  helioiatitude  distribution  of  CMEs  is 
well  determined.  The  «innual  distributions  of  the  cen¬ 
tral  latitudes  of  CMEs  arc  shown  in  Figure  5a  for  Sol- 
wind  CMEs  and  in  Figure  6  for  SMM  CMEs.  These 
demonstrate  the  solar  cycle  variation  of  this  parameter. 
During  the  solar  maxima  in  1980  and  1989,  CMEs  were 
more  uniformly  distributed  in  latitude  than  during  the 
Skylab  epoch  or  the  recent  solar  minimum  in  1985-1986 
[Hundhausen  ei  ai,  1984;  Howard  ei  aL,  1985,  1986; 
Hundkausen,  1993]. 

Although  the  geometrical  shapes  of  CMEs  arc  not 
well  understood,  their  angular  spans,  or  widths,  and 
trajectories  projected  onto  the  plane  of  the  sky  are  well 
determined.  The  temporal  variation  of  the  average  in¬ 
clinations  of  CME  trajectories  from  the  local  vertical 
(radial)  direction  appears  to  be  a  small  effect  which 
we  will  ignore  [Mac  Queen  ei  aZ.,  1986].  Histograms  of 
the  angular  spans  of  CMEs  measured  with  the  corona- 
graphs  are  shown  in  Figure  5a  for  Solwind  CMEs  and 
in  Figure  6  for  SMM  CMEs.  These  annual  averages  are 
summarized  in  Table  3.  The  Skylab  and  SMM  CME 
distributions  remain  fairly  uniform  with  time,  with  an 
average  span  of  about  45®.  However,  the  distributions 
of  the  angular  spans  of  Solwind  CMEs  differ  ffom  those 
of  Skylab  and  SMM.  Although  the  overall  average  of 
all  Solwind  CME  spans  is  similar  to  that  of  Skylab  and 
SMM,  the  Solwind  distribution  narrows  and  the  annual 
average  span  decreases  sharply  from  activity  maximum 
to  minimum.  This  cyclical  variation  is  apparent  in  both 
samples  of  all  Solwind  CMEs  and  of  major  (Y  -{-  Q) 
CMEs. 

Taken  together,  these  data  indicate  that  on  average 
at  any  phase  of  the  cyde  the  central  axis  of  a  CME 
must  lie  within  15  to  20®  of  the  solar  equator  to  have 
much  influence  on  the  ecliptic  solar  wind.  (We  have 
neglected  any  effects  due  to  the  changing  solar  tilt  an¬ 
gle.  This  is  justified  because  our  yearly  averages  smooth 
over  such  effects,  and  any  related  uncertainties  should 
be  small  compared  with  the  large  errors  in  the  CME 
mass  estimates.)  This  assumption  is  supported  by  re¬ 
sults  suggesting  that  CMEs  are,  to  first  order,  three- 
dimensional  spherical  objects  [e.g.,  Webh,  1988]  and 
that  they  propagate  with  Kttle  dispersion  into  the  inter¬ 
planetary  medium  [e.g.,  Jackson,  1992].  For  the  Skylab 
and  SMM  data,  combining  the  latitude  distributions,  as 
in  Figure  6,  within  20®  of  the  equator  with  the  corrected 
CME  rates  in  Table  1  yidds  estimates  of  the  rates  of 
those  CMEs  directed  into  the  ecliptic.  We  will  return 
to  the  calculation  of  the  ecliptic  mass  flux  of  Skylab  and 
SMM  CMEs  later. 

We  use  the  method  first  discussed  by  Howard  ei  al. 
[1985]  to  calculate  the  annual  values  of  the  near-ecliptic 
mass  flux  at  1  AU  attributable  to  Solwind  CMEs.  In 
Figure  5b  we  show  the  annual  histograms  of  the  CME 
mass  ejected  into  each  degree  of  latitude.  These  plots 
were  computed  from  consideration  of  the  mass,  central 
latitude  and  angular  span  distributions  [see  Howard  ei 


al.,  1985].  From  the  ejected  mass  data  we  can  deter¬ 
mine  the  mass  rate  ejected  into  any  latitude  segment 
desired.  In  Table  4,  column  3  we  have  listed  the  annual 
values  of  the  CME  mass  per  day  ejected  into  an  equato¬ 
rial  latitude  bin  1®  high  and  corrected  for  the  Solwind 
visibility  function.  We  will  assume  that  this  mass  flux  is 
distributed  uniformly  between  the  east  and  west  limbs 
and  ejected  into  90®-wide  longitude  sectors  at  each  limb. 
The  choice  of  90® -wide  sectors  is  arbitrary  but  reason¬ 
able  in  that  the  more  energetic  CMEs  likely  to  have 
the  most  effect  on  the  interplanetary  medium  tend  to 
have  large  spans  [e.g.,  Webh  and  Jackson,  1990].  The 
Solwind  mass  fluxes  at  each  limb  have  been  summed 
together  and  thus  represent  the  total  flux  ejected  into 
a  hemisphere  of  180®.  We  will  represent  this  area  as  a 
lune,  a  crescent-shaped  180®  segment  of  a  sphere,  which 
provides  a  more  accurate  correction  for  the  latitudinal 
projection  of  CMEs  onto  the  skyplane  [see  Jackson  and 
Howard,  1993]. 

The  average  equatorial  mass  flux  ejected  through  this 
hemispherical  segment  at  1  AU  is  then  calculated  as  in 
the  following  example.  In  1979  the  corrected  mass  flux 
per  degree  at  the  equator  F  is  6.8  x  10^^  g  deg  d”^. 
The  area  of  a  180®  crescent-shaped  segment  1®  wide  at 
the  equator  at  1  AUJs  2R^6,  where  i?  is  1  AU  and  9  is 
1®.  So, 

A  =  2  X  (1.5  X  lO^^cm)^  x  0.0175  rad/deg 
A  =  7.85  X  10^^  cmVdeg. 

The  equatorial  CME  mass  flux  at  1  AU  then  is  F/A 
=  1.0  X  10“^®  g/cm^  s.  Equivalently,  if  we  assume 
that  helium  constitutes  10%  of  this  mass,  we  derive  an 
average  particle  flux  at  1  AU  due  to  CMEs  in  1979  of  4.3 
X  lO’^  protons/cm^  s.  The  estimated  Solwind  particle 
fluxes  for  1979  to  1985  are  listed  in  column  4  of  Table 
4. 

Table  4  also  lists  the  derived  particle  fltiies  from  the 
CME  data  for  Skylab  in  1973-1974  and  SMM  in  1980. 
The  Skylab  and  1980  SMM  ejected  masses  were  es¬ 
timated  as  follows.  We  multiplied  the  average  CME 
mass  of  5  X  10^^  g  by  the  near-  ecliptic  CME  rates  dis¬ 
cussed  earlier  eind  divided  by  40°  to  get  the  maiss/degree 
ejected  into  the  ecliptic.  These  vcilues  may  be  upper 
limits  because  the  average  CME  mass  is  likely  overesti¬ 
mated  and  is  not  distributed  uniformly  in  latitude.  The 
CME  mass  and  particle  fluxes  were  then  calculated  as 
above.  Note  the  near  equality  of  the  SMM  cind  Solwind 
fluxes  in  1980,  which  lends  confidence  that  our  overall 
results  are  reasonable. 

4.2.  The  Variation  of  the  Solar  Wind  Particle 
Flux 

Previous  estimates  of  the  CME  contribution  to  the 
soleir  mass  flux  have  been  based  on  IMP  spacecraft  ob¬ 
servations  of  proton  flux  densities  at  1  AU  in  the  early 
seventies.  Feldman  ei  al.  [1977,  1978]  presented  plots 
of  27-day  averages  of  the  particle  flux  for  1971-1976. 
The  average  flux  was  3.4  x  10®  ions/cm^  s  before  An- 


FRAC1 


o 

< 

^  0 


I987 

I04  Measurements 


I987 

I04  Measurements 


I988 

369  Measurements' 


1988 

369  Measurements' 


I989 

463  Measurements” 


1989 

463  Measurements' 


20®  40® 


100®  120® 


-90®  -60®  -30® 


60®  90® 


ANGULAR  WIDTH 


APPARENT  LATITUDE 


Figure  6.  Similar  stacked  Mstogiams  showing  the  annual  variations  of  the  angular  spans  or 
widths  and  apparent  central  latitudes  of  SMM  CMEs  for  1980  and  1984  to  1989.  The  plots  give 
the  fraction  in  percent  attributed  to  each  5®  bin.  The  total  number  of  CMEs  measured  in  each 
year  are  shown  on  each  panel.  The  arrows  indicate  the  average  of  the  CME  spans  for  each  year, 
which  are  also  given  in  Table  3.  Courtesy  of  A.  Hundhauscn  of  N CAR  High  Altitude  Observatory. 
Also  see  Hundhauscn  [1993]. 
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Table  3.  Annual  Average  Spans  of  CMEs 


Skylab/SMM“ 

Solwind 

AU 

Solwind 

Y  +  Q 

1973/1974 

42 

— 

— 

1979 

— 

52.9 

■  75.1 

1980 

42.8 

41.7 

55.3 

1981 

— 

40.7 

58.2 

1982 

— 

45.5 

59.1 

1983 

— 

36.5 

49.3 

1984 

37.3 

24.3 

33.2 

1985 

42.8 

21.4 

31.1 

1984-1985 

— 

23.6 

32.7 

1986 

43.1 

— 

— 

1987 

45.0 

— 

— 

1988 

54.1 

— 

— 

1989 

46.0 

— 

— 

Overall  mean,  deg 

44.1 

41.8 

57.2 

Spans  are  given  in  degrees, 
®From  Htind/iatwcn  [1993] 


gust  1972,  after  whicli  it  jumped  to  an  average  of  4.0 
X  10®  between  1972  and  1976.  These  values  remained 
relatively  constant  and  appeared  to  show  little  correla¬ 
tion  with  solar  wind  speed  or  sunspot  number  variation 
during  this  declining  portion  of  cycle  20. 

Schwenn  [1983]  presented  Helios  in  situ  data  for  the 
period  1975-1982.  Intercalibration  of  the  IMP  and  He¬ 
lios  data  during  the  period  of  overlap  in  1975-1976  re¬ 
vealed  similar  trends  in  the  data  sets.  R.  Schwenn  (pri¬ 
vate  communication,  1986)  has  provided  us  with  yeaxly 
averages  of  the  Helios  particle  flux  data  through  1984. 
We  calculated  the  annual  averages  of  the  IMP  6,  7,  and 
8  data  from  Feldman  ei  aL  [1978]  for  the  period  1972- 
1976.  These  two  data  sets,  normainced  to  1  AU,  are 
plotted  in  Figure  7.  The  Helios  points  in  1974  and 
1984  are  less  certain  because  they  average  only  a  small 
amount  of  data.  We  do  not  know  the  reason  for  the 
displacement  of  about  1  x  10®  ions/cm^  s  between  the 
IMP  and  Helios  data  sets  in  1975  and  1976;  Schwenn 
[1983]  did  not  discuss  his  intercalibration  procedures. 
However,  as  he  noted,  the  two  sets  do  show  a  similar 
rising  trend  during  this  period. 


Over  these  13  years  the  trend  of  the  solar  wind  par¬ 
ticle  flux  is  out  of  phase  with  solar  activity,  reaching 
a  minimum  near  the  cycle  maximum  in  1980  and  vice 
versa.  However,  in  agre^ent  with  most  bulk  solar  wind 
parameters  [e.g.,  Schwenn,  1983],  the  average  flux  vairi- 
ations  were  small,  about  15-20%.  As  is  evident  by  com¬ 
paring  Figures  7  and  2a,  the  CME  rate,  which  follows 
the  activity  cycle,  is  poorly  correlated  with  the  solar 
wind  mass  flux.  Should  we  expect  a  good  long-term 
correlation  between  these  parameters?  The  answer  is 
probably  not.  Schwenn  showed  that  the  average  par¬ 
ticle  flux  is  inversely  correlated  with  the  wind  speed, 
and  Feldman  ei  aL  [1978]  showed  that  the  peak  parti¬ 
cle  flux  showed  the  same  tendency.  Since  the  particle 
flux  TLpV^  is  a  function  of  wind  speed  and  mass,  its  bulk 
flow  is  likely  influenced  by  the  dominance  of  high-speed 
streams  during  the  years  around  cycle  minimum  and  by 
solar  activity  near  maximum.  The  combination  of  these 
effects  tends  to  flatten  the  long-term  variation. 

4«3.  The  Variation  of  the  Contribution  of  CMEs 
to  the  Solar  Wind  Mass  Flux 

We  can  now  directly  compare  the  average  near-ecliptic 
mass  fluxes  of  CMEs  with  the  average  solar  wind  par¬ 
ticle  fluxes  at  1  AU  bn  an  annual  basis  over  the  solar 
cycle.  For  this  purpose  we  again  averaged  the  parti¬ 
cle  fluxes  only  during  the  monthly  periods  when  CME 
observations  were  obtained;  these  values  are  listed  in 
column  5  of  Table  4.  The  resulting  annual  fractional 
contribution  of  the  ecliptic  CME  mass  flux  to  the  solar 
wind  particle  flux  at  1  AU  is  listed  in  the  last  column 
of  Table  4.  We  used  the  IMP  particle  fluxes,  which  as 
noted  above  are  higher  than  from  Helios,  for  the  Skylab 
period  and  the  Helios  fluxes  for  the  other  periods.  The 
Helios  flux  in  1984  is  more  uncertain;  that  value  was 
also  used  to  compare  with  the  1985  Solwind  CME  flux. 

How  do  our  results  compare  to  previous  studies  and 
what  do  they  tell  us  about  the  importance  of  CMEs  to 
the  interplanetary  mass  flux?  Hildner  [1977]  estimated 
a  contribution  from  Skylab  CMEs  of  only  3%.  But  he 
did  not  account  for  the  latitude  variation  of  CMEs,  in¬ 
stead  comparing  the  global  CME  flux  with  the  parti- 


Table  4.  CME  Mass  Fluxes  and  Their  Contribution  to  the  Solar  Wind  Mass  Flux 


Year 

Instrument 

Equatorial 

CME  MF 
lO^^g  deg~M“^ 

CME  MF 

at  1  AU 
lO’^prot. 

SW  MF 

at  1  AU 
lO^prot. 

CME/SW 
Mass  Flux 

% 

1973/1974 

Skylab 

<9.1 

5.7 

40 

<14.3 

1979 

Solwind 

6.8 

4.3 

29 

14.8 

1980 

Solwind 

6.0 

3.8 

29 

13.0 

1980 

SMM 

<6.4 

4.0 

30 

<13.4 

1981 

Solwind 

5.85 

3.7 

33 

11.3 

1982 

Solwind 

4.55 

2.9 

38.5 

7.45 

1983 

Solwind 

1.8 

1.1 

37 

3.1 

1984 

Solwind 

1.6 

1.0 

37 

--2.7 

1985 

Solwind 

2.6 

1.6 

37 

(4.4) 

MF,  mass  flux;  SW,  solar  wind. 
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YEAR 


Figure  7,  Animal  rates  of  occmience  of  the  solar  wind  proton  flnx  from  1972  to  1984.  The  circled 
data  for  1972  to  1976  are  annual  means  of  the  27-day  averages  of  IMP  6,  7,  and  8  data  from 
Feldman  ei  al,  [1978].  The  Helios  data,  denoted  by  crosses,  cover  the  period  1974  to  1984.  These 
have  been  normalized  to  1  AU  for  comparison  with  the  IMP  data.  The  1974  and  1984  averages 
include  only  a  small  amount  of  data  at  the  end  and  beginning,  r^pcctively,  of  each  of  those  years. 
The  Helios  data  were  provided  courtesy  of  R.  Schwenn  of  Max-Planck-  Institut/Lindau, 


cle  flux  at  1  AU  extrapolate  into  4t  sr.  However,  he 
did  apply  a  crude  visibility  correction,  assuming  a  rate 
of  one  CME  per  day.  Proper  correction  for  the  lati¬ 
tude  variation  of  CMEs  during  Skylab  yields  an  eclip¬ 
tic  contribution  from  Skylab  CMEs  of  about  10%.  On 
the  basis  of  the  Skylab  results  and  the  assumption  of  a 
continuing  good  correlation  of  CME  rate  with  sunspot 
number,  Hildner  et  al.  [1976]  and  Hildner  [1977]  pre¬ 
dicted  a  CME  contribution  of  16%  at  solar  maximum. 

From  Table  4  we  sec  that  our  results  agree  wcH  with 
Hildner’s  estimates  for  Skylab  corrected  for  the  CME 
latitude  distribution.  Our  value  during  solar  maximum 
in  1980  is  slightly  less  than  his  prediction,  possibly  be¬ 
cause  the  CME  latitude  distribution  was  much  broader 
at  maximum.  However,  Howard  ei  at.  [1985]  calculated 
a  CME  contribution  of  only  5%  for  the  1979  to  1981  era 
using  the  Solwind  data  and  an  average  of  the  IMP  data. 
Our  estimates  of  the  contribution  due  to  Solwind  CMEs 
are  nearly  3  times  greater  than  Howard  et  aL  because 
we  have  included  corrections  for  the  visibility  function, 
have  used  an  improved  calculation  for  the  geometrical 
area  into  which  the  CME  flux  is  spread,  and  have  used 
Helios  solar  wind  particle  flux  data  for  the  appropriate 
periods.  Recently,  Jackson  and  Howard  [1993]  calcu¬ 
lated  that  the  global  Solwind  CME  mass  during  1979 
to  1981  was  «  16%  of  the  Helios  solar  wind  mass,  based 
on  an  exponential  integration  of  the  Solwind  CME  mass 
curve.  The  rather  close  agreement  of  these  independent 
results  at  solar  maximum  is  rather  remarkable  consider¬ 
ing  that  the  data  came  from  three  different  instruments 
and  that  the  calculations  were  relatively  simplistic. 


Our  results  (Table  4)  together  with  those  mentioned 
above,  indicate  that  the  general  trend  was  for  the  frac¬ 
tional  CME  contribution  to  the  particle  flux  to  decline 
between  solar  maximum  in  1979  to  1980  and  minimum 
in  1985  by  a  factor  of  about  5.  This  decline  is  likely 
due  to  a  combination  of  factors,  such  as  the  very  low 
ecliptic  CME  rates  and  lower  average  CME  masses  in 
1984  and  1985. 

From  this  section  we  conclude  the  following:  (1)  Al¬ 
though  CME  occurrence  rates  ate  not  well  correlated 
with  the  solar  wind  particle  flux  over  the  solar  cycle, 
the  estimated  fractional  contribution  of  CMEs  to  the 
particle  flux  does  generally  track  the  activity  cycle;  (2) 
this  variation  has  an  amplitude  of  about  5;  and  (3)  the 
estimated  contribution  of  CMEs  of  about  15%  at  solar 
TnaTrimTiTn  is  potentially  signifleant.  We  emphasize  that 
this  is  a  bulk  long-term  average  value;  during  specific 
shorter  term  periods  (days  to  weeks)  the  influence  of 
localized  CME  activity  on  the  interplanetary  medium 
is  certainly  greater. 

5.  Discussion  and  Conclusion 

5.1.  Discussion 

These  results  provide  new  information  about  CMEs, 
some  of  which  differs  from  previous  concepts  about  mass 
ejections  and  their  relationships  to  other  forms  of  solar 
activity.  Previous  studies  concerning  the  origin  or  initi¬ 
ation  of  CMEs  have  shown  better  associations  between 
CMEs  and  certain  classes  of  solar  activity  than  others. 
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Our  results  do  not  support  such  a  differentiation  by  ac¬ 
tivity  class  over  the  long  term. 

As  one  example,  since  CMEs  often  do  not  overlie 
active  regions  and  are  not  commonly  associated  with 
flares,  the  phase  of  their  occurrence  rate  might  differ 
from  that  of  the  sunspot  cycle.  Originally,  Hildner  ei  al. 
[1976]  found  a  good  correlation  between  Skylab  CME 
rate  and  sunspot  number.  Because  of  the  good  latitude 
correlation  with  active  regions,  Hildner  [1977]  predicted 
that  the  CME  rate  at  solar  maximum  would  follow  the 
sunspot  number  and  thus  be  a  factor  of  3-4  greater  than 
during  Skylab.  However,  Hundhausen  ei  aL  [1984]  and 
Simcj  [1986]  compared  CME  rates  and  latitude  and  lon¬ 
gitude  distributions  between  the  HAO  coronagraphs  on 
Skylab  in  1973-1974  eind  SMM  in  1980  and  concluded 
that  contrary  to  Hildner’s  prediction,  there  was  no  sim¬ 
ple  relation  between  sunspot  number  and  CME  rate. 
On  the  other  hand,  Howard  ei  ah  [1985,  1986]  found 
that  the  average  annual  sunspot  number  was  well  cor¬ 
related  with  the  Solwind  CME  rate,  in  agreement  with 
Hildner.  However,  they  found  a  poor  correlation  with 
short-term  (7  and  27  day)  averages  of  CME  rates  and 
sunspot  numbers,  suggesting  that  the  relation  between 
these  parameters  is  not  straightforward. 

With  the  CME  data  now  available  and  presented 
herein,  it  is  clear  that  the  average  CME  rate  is  well 
correlated  with  the  sunspot  cycle.  This  in  turn  sug¬ 
gests  that  in  a  very  general  sense,  CME  activity,  like 
most  other  forms  of  solar  activity,  is  controlled  by  the 
emergence  and  evolution  of  the  global  solar  magnetic 
field.  However,  close  examination  of  other  details  of 
this  relationship,  such  as  the  spatial  distributions  as  a 
function  of  time  of  the  different  classes  of  activity  [e.g., 
5imc,  1989;  Hundhausen^  1993]  are  needed  to  better 
understand  the  causes  of  CMEs. 

We  find  reasonably  consistent  results  for  the  CME 
rates  from  different  coronagraphs,  when  corrected  for 
visibility  functions,  during  overlapping  observation  pe¬ 
riods.  This  conclusion  differs  from  that  made  previ¬ 
ously  by  some  researchers  who  found  discrepancies  be¬ 
tween  CME  data  sets,  such  as  occurrence  rates,  that, 
until  now,  have  only  included  corrections  for  duty  cycles 
[Hundhausen  ei  a/.,  1984;  Kahler,  1987].  For  example, 
for  many  years  the  NRL  Solwind  data  had  consistently 
yielded  higher  duty  cycle  corrected  CME  rates  than 
those  for  SMM  [Hundhausen  ei  aL,  1984;  Howard  ei  al., 
1985,  1986].  However,  with  the  completion  of  the  SMM 
mission,  the  HAO  group  has  recently  revised  upward 
the  number  of  CMEs  counted  in  1980  and  in  1984-1986 
[Burke-pile  and  SL  Cyr^  1993],  bringing  the  SMM  and 
Solwind  rates  for  those  years  into  closer  agreement.  We 
believe  that  our  data  demonstrate  that  such  discrepan¬ 
cies  are  mainly  instrumental  and  statistical  and  do  not 
depend  strongly  on  methodology  and  selection  effects. 

We  made  estimates  of  the  potential  contribution  over 
the  solar  cycle  of  CMEs  to  the  solar  wind  mass  flux  at  1 
AU.  Since  typical  CMEs  are  massive  and,  at  least  near 
solar  maximum,  relatively  frequent,  they  might  con¬ 
tribute  significant  amounts  of  mass  to  the  solar  wind. 
With  appropriate  corrections  for  instrumental  effects 
and  for  the  latitude  variations  ^Lnd  mass  distributions  of 


CMEs,  we  estimated  the  annual  average  CME  flux  into 
the  ecliptic  over  the  solar  cycle  and  compaired  it  with 
the  solar  wind  particle  flux  at  1  AU.  We  found  that  the 
fractional  contribution  of  CMEs  to  the  solar  wind  mass 
flux  tracks  the  solar  cycle  and  that  at  solar  maximum 
CMEs  can  provide  a  significant  average  mass  flux  to  the 
near-ecliptic  solar  wind.  This  result  is  consistent  with 
our  recent  improved  understanding  of  the  importance 
of  CMEs  to  such  trcinsient  heliospheric  phenomena  as 
geomagnetic  storms,  IP  shocks,  energetic  proton  accel¬ 
eration  and  transport,  and  cosmic  ray  modulation. 

In  this  study  we  have  attempted  to  determine  re¬ 
alistic  global  CME  rates  and  mass  fluxes  using  the 
most  reliable  data  and  analytical  results  presently  avail¬ 
able.  However,  we  note  that  the  mass  flux  estimates,  in 
particular,  are  dependent  on  certain  CME  parameters 
which  are  as  yet  not  well  determined.  These  include 
the  true  mass  distribution  of  CMEs  and  how  it  varies 
over  the  long  term  and  the  shape  and  overall  geom¬ 
etry  of  CMEs.  Retrospective  analyses  of  existing  data 
sets  could  enhance  our  understanding  of  the  mass  distri¬ 
bution  and  geometry  of  CMEs.  Some  related  projects 
which  are  underway  include  the  following:  Improved 
calibrations  of  the  SMM  coronagraph  are  being  made 
which  will  permit  the  determination  of  relative  masses 
and  energies  for  many  of  the  SMM  CMEs  (A.  Hund¬ 
hausen,  private  communication,  1992),  leading  to  an  es¬ 
timate  of  that  coronagraph’s  mass  sensitivity  function. 
The  Helios  photometer  data  are  being  used  to  deter¬ 
mine  the  global  mass  distribution  and  energies  of  CMEs 
in  the  inner  heliosphere  [Wehh  and  Jachson^  1993].  Al¬ 
though  having  crude  spatial  resolution,  the  Helios  data 
are  well  suited  for  determining  the  total  mass  flow  and 
overall  geometry  of  CMEs.  Finally,  because  of  its  ex¬ 
cellent  photometric  quality,  we  believe  it  would  be  very 
worthwhile  to  measure  the  masses  of  all  of  the  Skylab 
CMEs  so  as  to  determine  their  mass  distribution  and 
the  Skylab  coronagraph’s  sensitivity  function. 

In  the  near  future,  improved  observations  of  CMEs 
should  be  available  from  the  Solar  and  Heliospheric  Ob¬ 
servatory  spacecredt,  and  may  be  possible  from  several 
proposed  ground-based  and  Earth-orbiting  instruments, 
such  as  the  Solar  Mass  Ejection  Imager. 

5.2.  Summary 

A  summary  of  the  main  results  of  this  study  is  as 
follows: 

1.  The  frequency  of  occurrence  of  CMEs  tends  to  track 
the  solar  activity  cycle  in  both  amplitude  and  phase. 

2.  The  CME  rates  determined  from  data  from  different 
instruments,  when  corrected  for  both  duty  cycles  and 
visibility  functions,  are  reasonably  consistent, 

3.  Considering  longer-term  averages,  no  one  class  of 
solar  activity  is  better  correlated  with  CME  rate  than 
any  other. 

4.  The  fractional  contribution  of  the  annualized  CME 
to  solar  wind  mass  flux  tends  to  track  the  solar  cycle. 

5.  Near  solar  maximum,  CMEs  can  provide  a  significant 
average  mass  flux  (i.e.,  ^  15%)  to  the  near-ecliptic  solar 
wind. 
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Introduction 

For  years  it  was  thought  that  solar  flares  were  re¬ 
sponsible  for  major  interplanetary  (IP)  particle  events 
and  geomagnetic  storms.  However,  recently  we  have 
seen  an  important  paradigm  shift  such  that  now  coro¬ 
nal  mass  ejections  (CMEs),  not  flares,  are  considered 
the  key  causal  link  with  solar  activity.  CMEs  are  vast 
structures  of  plasma  and  magnetic  flelds  that  are  ex¬ 
pelled  from  the  sun  into  the  heliosphere.  We  now  know 
that  CMEs  drive  all  large  geomagnetic  storms  and  their 
attendant  effects,  such  as  auroral  displays.  Fast  CMEs 
produce  transient  IP  shocks  which  cause  sudden  com¬ 
mencements  at  Earth.  The  CME-related  shocks  also 
accelerate  the  solar  energetic  particle  (SEP)  events  as¬ 
sociated  with  major  IP  disturbances  and  with  radiation 
hazards  at  Earth.  This  new  paradigm  has  important 
implications  for  prioritizing  the  development  of  instru¬ 
ments  and  techniques  to  predict  IP  disturbances  and 
geomagnetic  activity. 

CMEs  are  best  viewed  in  white  light  from  space-borne 
coronagraphs;  these  reveal  that,  even  near  the  sun,  the 
CME  can  dwarf  the  solar  disk  [see  Figure  1],  The  onset 
of  CMEs  can  be  associated  with  both  flares  and  filament 
eruptions  [e.g.,  Wehhy  1992;  Feyivnunt  and  HundhauseUf 
1994].  However,  most  of  the  energy  is  associated  with 
the  ejected  mass  and  shock  wave,  not  the  flare,  even 
in  the  most  energetic  cases.  Many  CMEs  cannot  be 
associated  with  any  surface  activity.  Most  flares  oc¬ 
cur  independently  of  CMEs  and  even  those  accompany¬ 
ing  CMEs  are  now  considered  a  secondary  consequence 
rather  than  a  cause  of  CMEs  [JToh/er,  1992;  Gosling, 
1993],  Indeed,  the  basic  physics  of  the  two  phenomena 
may  be  quite  different. 

The  following  sections  review  the  evidence  support¬ 
ing  the  new  paradigm  in  terms  of  the  development  and 
evolution  of  CMEs  near  the  sun,  the  signatures  of  their 
passage  through  the  interplanetary  medium,  and  how 
and  why.  CMEs  are  geoeffective.  (Geoeffective  means 
that  an  agent  can  significantly  perturb  Earth’s  environ¬ 
ment.)  Finally,  we  discuss  implications  of  this  paradigm 
for  forecasting  IP  disturbances  and  geomagnetic  activ- 
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ity.  This  is  not  meant  as  a  comprehensive  review  but 
rather  a  portrayal  of  recent  work  in  the  light  of  this 
new  concept.  For  further  details  about  CMEs  see  the 
following  review  papers  by  U.S.  authors:  Steinolfson 
[1991;  1992b],  iiTaA/er  [1992],  Webh  [1992;  1993],  Gosling 
[1993];  Low  [1993],  Dryer  [1994]  and  Sundhausen  [1995]. 

CMEs  Near  the  Sun 

Significant  new  results  on  white  light  CMEs  derived 
from  analyses  of  images  Horn  the  Solar  Maximum  Mis¬ 
sion  (SMM)  orbiting  coronagraph,  the  Mauna  Loa  So¬ 
lar  Observatory  (MLSO)  K-coronameter,  and  the  zo¬ 
diacal  light  photometers  on  the  Helios  spacecraft  have 
been  published.  These  faults  add  to  earlier  studies  of 
data  from  the  coronagraphs  on  Skylab  and  on  the  P78- 
1  spacecraft  (called  SOLWTND).  It  is  now  clear  that 
there  is  a  large  range  in  the  basic  properties  of  CMEs, 
Their  spe^,  accelerations,  masses  and  energies  range 
over  2-3  orders  of  magnitude.  The  masses  and  kinetic 
energies  of  SOLWIND  CMEs  extend  from  10^^  to  5  x 
10^^  kg  and  10^^  to  6  x  10^^  j,  respectively  [Howard 
ei  al.j  1985],  and  some  SMM  CMEs  exceed  these  val¬ 
ues  [Hundhausen,  1994],  CME  occurrence  rates  vary  by 
an  order  of  magnitude  over  the  solar  cycle  [  Webh  and 
Howard,  1994].  CME  widths  range  from  10  to  si:120®, 
exceeding  by  factors  of  3—10  the  sizes  of  flares  and  active 
regions. 

In  white  light  images  CMEs  often  appear  to  have  a 
bright  leading  looplike  structure  followed  by  a  dark  cav¬ 
ity  and  a  bright  core  of  denser  material,  suggesting  the 
eruption  of  a  preevent  prominence,  its  overlying  coronal 
cavity,  and  the  ambient  corona.  However,  the  frequency 
of  occurrence  of  these  structures  differs  &om  one  coron- 
agxaph  to  another;  for  example,  the  fraction  of  looplike 
CMEs  ranged  firom  1%  of  SOLWIND  CMEs  to  nearly 
half  of  the  SMM  CMEs.  Two-thirds  of  the  SMM  CMEs 
also  contained  bright  cores.  It  is  not  obvious  that  these 
differences  can  be  explained  merely  by  solar  cycle  ef¬ 
fects,  The  leading  CME  structures  are  likely  the  sky- 
plane  projections  of  three-dimensional  structures  such 
3s  arcades  [Sieinolfson,  1992a]  or  shells  [Hundkausen, 
1994], 

From  what  kind  of  structures  do  CMEs  emanate?  Re¬ 
cent  studies  confirm  that  CMEs  arise  from  large-scale, 
closed  structures,  most  of  which  (s^75%)  are  preexist¬ 
ing  coronal  streamers  [Hundkausen,  1993;  Webb  ei  aL, 
1994].  This  is  not  consistent  with  the  suggestion  of 
Hewish  and  coworkers  [e.g.,  Hewish  and  Bravo,  1986] 
that  CMEs  arise  in  open  field  regions  (coronal  holes) 
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Fieure  1.  A  CME  and  prominence  eruption  on  October  5,  1989.  Superposition  SMM  coron- 
agSt  images  of  outer  corona,  MLSO  images  of  inner  corona  in  white  light,  ^d  of 
chromosphere  and  corona  in  hydrogen  emission.  [A.  Hundhausen  Coronal  Diagnostics,  notes 
from  lectures  at  Inti.  School  of  Space  Science,  L’Aquila,  Italy,  1993j. 


[^'arrisoTi,  1990;  Eundhausen,  1993].  The  temporal  and 
latitudinal  distributions  of  CMEs  are  similar  to  those 
of  streamers  and  prominences,  being  confined  to  low 
latitudes  about  the  current  sheet  near  cycle  minimum 
and  becoming  distributed  over  all  latitudes  near  max¬ 
imum  [Hundhausen,  1993].  This  evolution  is  very  dif¬ 
ferent  from  that  of  active  regions,  fiares  ox  sunspots. 
Many  energetic  CMEs  are  actually  the  disruption  ox  a 
preexisting  streamer,  which  increases  in  brightness  and 
size  for  days  before  erupting  as  a  CME.  Afterwards  the 
streamer  and  CME  are  gone  giving  the  appearance  of 
a  “bugle’’  on  white  light  synoptic  maps  [Eundhausen, 
1993].  Often  a  thin  ray  appears  in  the  location  of  the 
streamer,  and  may  be  a  current  sheet  rising  from  a 
newly  reformed  streamer.  Feynman  and  Martvn  [1995] 
find  that  major  erupting  filaments  arc  strongly  associ¬ 


ated  with  emerging  magnetic  fiux  oriented  so  as  to  favor 
reconnection  of  field  lines.  Since  filament  eruptions  are 
associated  with  CMEs  and  streamers,  this  suggests  that 
streamers  can  be  destablized  by  emerging  flux.  SMM 
CMEs  have  also  been  found  to  be  associated  with  large- 
scale  evolving  patterns  of  existing  surface  flux,  delin¬ 
eated  by  polarity  inversion  lines  [Wehh  ei  ai,  1994]. 

What  are  the  kinematical  properties  of  CMEs?  The 
speeds  of  the  leading  loops  of  SMM  CMEs  ranged  from 
20  to  1100  km/s  [Eundhausen  ei  ai,  1994].  The  aver¬ 
age  speeds  of  SOLWIND  CMEs  were  much  higher  near 
solar  maximum  than  minimum  [Howard  et,  aL,  l986j, 
but  SMM  CME  speeds  were  not  solar-cycle  dependent. 
Significant  progress  has  been  made  in  simulating  the 
coronal  response  to  the  passage  of  a  CME  [reviewe 
by  Sieinolfson,  1992b  and  Eundhausen,  1994].  Fast 
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magnet ohydrodynamic  shocks  apparently  driven  by  fast 
CMEs  are  the  most  common  type  in  the  inner  helio¬ 
sphere.  However,  in  the  lower  corona  the  speeds  of 
typical  CME  outer  loops  are  higher  thain  the  sound 
speed  but  less  than  the  Alfven  speed  (for  SMM  averag¬ 
ing  445  km/s)  and  the  trajectories  are  consistent  with 
constant  speed.  Numerical  simulations  of  the  disrup¬ 
tion  of  model  streamers  indicates  that  slow,  intermedi¬ 
ate  and  fast  mode  shocks  should  form  ahead  of  CMEs 
with  speeds  of  200-300,  300-900,  and  >  900  km/s,  re¬ 
spectively,  Thus,  slow  and  intermediate  mode  shocks 
might  be  associated  with  most  CMEs,  and  some  CMEs 
do  exhibit  the  predicted  flattened  Honts.  The  existence 
of  fast  mode  shocks  in  the  corona  is  strongly  supported 
by  the  observation  of  rapidly  drifting  radio  bursts  and 
their  association  with  fast  (>  400  km/s)  CMEs  [e.g., 
Kahler,  1992],  However,  it  is  unclear  whether  they  com¬ 
press  sufficient  material  to  be  detected  optically  as  bow 
waves  in  front  of  CMEs. 

In  previous  years  much  theoretical  work  on  CMEs 
was  focussed  on  reconnection  of  the  magnetic  fields 
which  close  after  the  CME  has  erupted.  The  recent 
models  of  this  process  describe  the  late  phase  reason¬ 
ably  well  [cf.,  Svestka  and  Oliver ^  1992;  Wehh  ei  a/., 
1994].  In  such  models  field  lines  stretched  open  during 
the  eruption  of  a  prominence  and  CME  reconnect  near 
the  surface  to  form  a  magnetic  loop  system,  the  long- 
duration/  two-ribbon  flare.  New  observationed  results 
generally  support  this  concept,  Kohler  and  SundJiausen 
[1992]  found  that  the  bright  structures  following  many 
SMM  CMEs  axe  streamers  probably  newly-  formed  by 
reconnection.  Observations  from  the  Japanese  Yohkoh 
spacecraft  and  from  MLSO  of  the  reformation  of  a  gi¬ 
ant  helmet  streamer  also  provide  strong  evidence  of 
reconnection  following  CMEs  [Eiei  ei  a/,,  1993].  An¬ 
other  Yohkoh  observation  suggests  rapid  reconnection 
following  the  ejection  of  a  plasmoid  associated  with  a 
two-ribbon  flare  [see  Webb  ei  a/.,  1994].  This  observed 
structure  was  found  to  be  in  excellent  agreement  with 
field  lines  derived  from  a  circuit  model,  lending  further 
support  for  the  two-ribbon  flare  scenario. 

Most  of  the  models  intended  to  describe  the  origin 
and  propulsion  of  CMEs  are  not  sufficiently  developed 
to  compare  with  observations.  Most  such  models  in¬ 
volve  force- free  equilibria  which  cannot  realistically  de¬ 
scribe  the  complex  evolution  of  the  pressure,  magnetic 
and  gravitational  forces  acting  on  a  magnetically  dosed 
coronal  structure  [e.g.,  Sundhausenj  1994].  The  dass 
of  models  which  require  a  thermal  or  pressure  pulse 
(i.e.,  flare)  as  driver  no  longer  seem  viable  [cf.,  Dryer, 
1994;  Webb  ei  aL,  1994].  For  instance,  such  models 
are  not  consistent  with  CMEs  which  exhibit  significant 
accelerations  over  large  distances.  Recently  there  hets 
been  intensive  work  on  the  origin  of  CMEs  based  on  the 
slow  evolution  of  particular  coronal  structures  through 
metastable  states  or  sequences  of  stable  equilibria  until 
the  stability  or  equilibrium  breaks  down,  resulting  in 
the  mass  ejection  and  opening  of  the  field.  Sieinolfson 
[1991],  Low  [1993]  and  Dryer  [1994]  review  such  analytic 
models  and  numerical  simulations.  Causes  of  the  evo¬ 
lution  of  these  coronal  structures,  espedally  streamer 
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configurations,  include  the  emergence  of  magnetic  flux 
\^Sieinolf5on,  1992a],  the  dynamical  evolution  of  arcades 
[Sieinolfson,  1991;  Mikic  and  Linker,  1994],  and  the 
shear  of  field  lines  across  inversion  lines  [Sieinolfson, 
1991;  Wolfson  and  Low,  1992;  Mihic  and  Linker,  1994]! 
However,  no  strong  consensus  has  yet  emerged. 

CMEs  in  the  Heliosphere 

CMEs  carry  large  amounts  of  plasma  and  magnetic 
fields  into  the  heliosphere.  This  material  is  detected  by 
remote  sensing  and  in-si tu  spacecraft  observations.  Re¬ 
mote  sensing  of  CME  plasma  has  been  primarily  with 
the  Helios  1  and  2  white  light  photometers  and  by  mea¬ 
surements  of  IP  scintillation  of  galactic  radio  sources 
from  the  ground  [e.g.,  Hewish  and  Bravo,  1986].  The 
Helios  photometers  were  analogous  to  heliospheric  coro- 
nagraphs  and  viewed  ^200  CMEs  over  a  period  of  9 
years  [Jackson  ei  aL,  1994].  The  occurrence  rates,  spans 
and  speeds  of  these  CMEs  axe  consistent  with  measure¬ 
ments  made  by  coronagraphs  near  the  sun  [Webb  and 
Howard,  1994].  The  appearance  of  the  expamding  CMEs 
is  also  similar,  often  with  two  brighter  ”legs”  behind  a 
tenuous  leading  front.  However,  derived  masses  tend  to 
be  higher  than  those  determined  by  coronagraphs  [Jack- 
son  and  Webb,  1995].  The  IP  scintillation  technique 
detects  transient  disturbances  as  enhanced  scintillation 
along  the  line  of  sight  to  a  distant  steady  source.  How¬ 
ever,  there  are  problems  with  the  accuracy  and  reliabil¬ 
ity  of  this  technique  for  detecting  CME  plasma. 

A  variety  of  in-situ  signatures  have  been  proposed 
as  proxies  for  the  passage  of  CME  ejecta  past  space¬ 
craft.  These  include  shocks,  density  changes,  decreased 
temperatures,  flows  with  enhanced  helium  abundances 
[He(A)],  and  magnetic  field  structures  consistent  with 
looplike  topologies  [cf..  Gosling,  1993;  Wehh,  1993], 
Recent  efforts  have  focussed  on  signatures  considered 
to  be  indicative  of  the  topology  of  the  ejected  mag¬ 
netic  fields  [see  McComas,  1995].  Most  such  studies 
involve  observations  and  modeling  of  magnetic  clouds 
and  bidirectionally  streaming  particle  flows.  Magnetic 
clouds  cire  long-lived  solar  wind  flows  having  enhanced 
field  strengths  which  exhibit  smooth,  coherent  rotations 
Burlaga  [1991]. 

Wilson  and  Hildner  [1986],  Bothmer  and  Schwenn 
[1994],  Rusi  [1994]  and  others  have  associated  some 
magnetic  clouds  with  solair  filament  disappearances.  So¬ 
lar  filaments  consist  of  dense  plasma  embedded  in  heli¬ 
cal,  horizontal  magnetic  fields.  The  close  association  of 
CMEs  with  filament  eruptions  and  shearing  fields  near 
the  surface  has  led  to  the  modeling  of  CMEs  as  flux 
ropes.  Gosling,  [1993]  describes  a  process  wherein  the 
interior  fields  of  a  rising,  sheared  CME  reconnect,  re¬ 
sulting  in  an  ejected  flux  rope  and  new,  closed  coronal 
loops.  He  suggests  that  of  all  bidirectional  electron 
events  and  magnetic  clou^,  i.e.,  CMEs,  in  the  helio¬ 
sphere  have  the  characteristics  of  flux  ropes.  Boihmer 
and  Schwenn  [1994]  found  in  4  of  5  cases  that  Helios 
magnetic  flux  ropes  (clouds)  had  the  same  orientation 
and  polarity  as  associated  erupting  filaments  at  the  sun. 
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p^irthermore  S,  Martin  [1994,  private  communication] 
finds  that  high  latitude  filaments  always  have  twist  in 
the  same  sense  in  a  given  hemisphere,  regardless  of  the 
cycle  number.  These  results  suggest  that  the  sign  of  the 
heiicity  of  the  erupted  fields  can  be  predicted  assuming 
one  can  associate  a  given  flux  rope  with  a  high-latitude 
filament  eruption.  Rusi  [1994]  did  so  for  a  list  of  mag¬ 
netic  clouds  modeled  as  force-free  structures  at  1  AU 
and  claimed  good  agreement.  Thus,  filament  eruptions 
and  CMEs  may  be  important  ways  that  the  sun  sheds 
heiicity  or  twist. 

Bidirectional  flows  of  electrons  have  been  interpreted 
as  evidence  that  the  associated  transient  field  lines  are 
entirely  or  partially  closed  and,  thus,  are  a  good  proxy 
for  CMEs  [e.g.,  Gosling,  1993].  Bidirectional  proton 
flows  have  also  been  detected  in  the  solar  wind,  often 
but  not  always  in  association  with  shocks  and  ejecta 
flows  [e.g.,  Richardson  and  Reames,  1993].  Although 
magnetic  clouds  and  bidirectional  flows  are  usually  con¬ 
sidered  proxies  for  closed  structures  and  CMEs,  the  ob¬ 
servational  evidence  is  not  sufficient  to  differentiate  be¬ 
tween  the  partially  closed  (flux  rope),  entirely  closed 
(bottle  or  plasmoid),  or  even  entirely  open  field  config¬ 
urations  [e.g.,  Kahler  and  Reames,  1991;  Suess,  1993]. 

Recently,  a  number  of  bidirectional  events  were  ob¬ 
served  as  Ulysses  moved  to  higher  southern  heliogiaphic 
latitudes  [Gosling  ei  aL,  1994].  The  speeds  of  these 
events  (740  km/s  on  average)  are  much  higher  than 
those  observed  in  the  ecliptic  plane  and  comparable  to 
the  high  speed  of  the  surrounding  solar  wind  flow.  This 
suggests  that  CMEs  in  general  are  affected  by  the  same 
forces  as  the  surrounding  solar  wind.  Since  the  typical 
speeds  of  CMEs  observed  in  the  field  of  view  of  coron- 
agraphs  (<  10  solar  radii)  is  —400  km/s,  much  of  this 
acceleration  must  occur  beyond  this  point. 

Solar  energetic  particle  (SEP)  events  are  commonly 
associated  with  IP  shocks  and  can  arrive  at  Earth 
within  minutes  following  onset  of  a  flare  [see  Reames, 
1995].  They  are  of  concern  because  of  their  deleteri¬ 
ous  effects  on  communications  systems,  satellites,  as¬ 
tronauts  and  high  flying  aircraft.  In  the  new  paradigm, 
CMEs  are  important  to  the  production  of  the  SEP  par¬ 
ticles  because  the  bulk  of  the  particles  are  not  acceler¬ 
ated  at  the  low  flare  site  or  during  its  impulsive  phase, 
but  relatively  high  in  the  corona  and  for  prolonged  pe¬ 
riods  of  time  by  the  shock  driven  ahead  of  the  CME. 
The  key  supporting  observational  results  are:  large, 
prompt  SEP  events  are  nearly  always  associated  with 
fast  CMEs,  they  are  not  well  correlated  with  the  ampli¬ 
tude  of  a  flare’s  impulsive  phase,  their  abundances  and 
ionization  states  are  typical  of  ambient  coronal  rather 
than  flare-heated  plasma,  and  isolated  erupting  fila- 
ments  can  also  produce  SEPs  [e.g.,  Kahler,  1992]. 

As  mentioned  earlier,  CMEs  tend  to  arise  in  coronal 
streamers  which  form  a  belt  that  encircles  the  sun  and 
is  the  base  of  the  heliospheric  current  sheet  (HCS).  The 
HCS  is  the  separatrix  between  the  oppositely-directed 
fields  on  either  side  of  the  streamer  belt  and,  in  projec¬ 
tion,  is  the  heliomagnetic  equator  of  the  sun.  A  new 
model  by  Crooher  ei  aL  [1993]  suggests  that  the  base 


of  the  HCS  may  often  be  broad,  encompassing  multi¬ 
ple  helmet  streamers  tens  of  degrees  across  with  asso¬ 
ciated  multiple  current  sheets.  Most  CMEs  might  then 
be  spatially  associated  with  the  HCS.  In  this  view  the 
ECS  is  more  dynamic  than  previously  thought,  and  acts 
as  a  conduit  for  a  range  of  activity  from  slowly  evolv¬ 
ing  streamers  to  large  CMEs.  This  activity  also  acts  to 
compress,  amplify  and  align  preexisting  magnetic  dis¬ 
continuities  in  the  HCS  and  at  the  leading  edge  of  high 
speed  streams  [Neugehauer  ei  aL,  1993].  These  factors 
enhance  the  geoeffectiveness  of  CMEs  as  discussed  next. 

The  Geo  effectiveness  of  CMES 

The  geomagnetic  indices  used  to  quantify  the  magni¬ 
tude  of  geomagnetic  storms  are  highly  correlated  with 
solao'  wind  speed  and  the  strength  of  the  southward 
component  (Bs)  of  the  IP  magnetic  field.  These  pa¬ 
rameters  are  in  general  enhanced  during  the  passage  of 
IP  CMEs.  We  next  summarize  the  studies  that  demon¬ 
strate  the  new  paradigm  linking  CMEs  with  IP  and 
geomagnetic  disturbances  [e.g.,  Kahler,  1992;  Gosling, 
1993]. 

Geomagnetic  storms  are  often  preceded  by  abrupt  in¬ 
creases  in  the  northward  component  of  the  earth’s  field, 
called  sudden  commencements,  which  are  well  corre¬ 
lated  with  IP  shocks.  Since  these  shocks  are  driven  by 
fast  CMEs,  we  infer  that  it  is  the  CME  that  causes  the 
sudden  commencement  storms.  Gosling  ei  al  [1991] 
demonstrated  this  statistically  using  bidirectional  events 
observed  by  the  International  Sun-Earth  Explorer- 3 
(IS EE- 3)  spacecraft  as  proxies  for  CMEs.  They  found 
that  all  but  one  of  the  largest  storms  from  1978-1982 
was  associated  with  the  passage  of  bidirectional  electron 
events  and/or  shocks.  Such  storms  cire  most  geoeffec¬ 
tive  when  both  a  fast  CME  and  its  shock  pass  over  the 
earth;  in  this  case  the  disturbance  is  encountered  head- 
on  where  the  flow  parameters  aie  maximized.  However, 
Gosling  et  al.  note  that  the  association  between  the 
bidirectional  events  and  storms  is  much  reduced  for  the 
more  frequent  smaller  storms.  In  a  related  study  Zhao 
ei  al  [1993]  identified  all  ISEE-3  periods  which  had 
strong  Bs  fields  >  10“^  T  for  durations  >  3  hr,  and 
found  that  78%  of  these  periods  were  associated  with 
one  or  more  CME  proxies. 

Compression  and  draping  of  magnetic  field  lines  in 
the  leading  edge  of  the  CME  and  of  the  ambient  IP 
field  axe  prime  causes  of  strong  southward  fields  [e.g., 
Tsuruiani  ei  aL,  1992;  Gosling,  1993].  Draping  alone 
can  enhance  Bs  over  the  ecliptic  field  components.  If,  in 
addition,  the  strong  field  in  the  leading  edge  of  the  CME 
is  southward,  a  severe  storm  at  the  earth  can  ensue. 
Croaker  ei  al.  [1992]  emphasize  that  the  semiannual 
effect,  caused  by  the  periodic  interaction  between  the 
earth’s  dipole  and  IP  magnetic  fields,  will  also  enhance 
Bs  fields  due  to  compression  and  draping  of  the  shock 
sheath  fields  in  the  ecliptic. 

Good  associations  have  been  found  between  storms 
and  other  IP  proxies  of  CMEs  [cL,  Webb,  1993].  Strong 
correlations  were  found  between  geomagnetic  distur- 
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bances  and  large,  sustained  values  of  Bs  in  magnetic 
clouds  at  1  AU,  Compound  streams,  whidi  are  formed 
by  faster  streams  overtaking  slower  ones,  often  involve 
magnetic  clouds  and  can  be  associated  with  storms. 
Buriaga  ei  aL  [1987]  found  that  more  than  half  of  the  17 
largest  storms  were  associated  with  a  compound  stream 
or  magnetic  cloud  or  both. 

He(A)  events,  considered  a  good  CME  proxy,  ob¬ 
served  by  the  Interplanetary  Monitoring  Platform  (IMP) 
spacecraft  were  well  correlated  with  geomagnetic  storms 
[BoTinni  ei  al.j  1982].  Since  the  m«dn  phase  storm  in¬ 
tensity  was  much  greater  for  shocks  with  He(A)  than  for 
shocks  without  He(A),  we  again  infer  that  it  is  CMEs 
that  influence  storm  development.  Finally,  isolated  fil¬ 
ament  disappearances  are  associated  with  sudden  com¬ 
mencements  and  storms  [Joselyn  and  McIntosh,  1981; 
Wright,  1990].  Wright  [1990]  compared  IP  disturbances 
associated  with  disappearing  filaments  with  geomag¬ 
netic  parameters,  and  found  that  filoLment-related  di^ 
turbances  led  to  significant  increases  in  sudden  com¬ 
mencements,  geomagnetic  indices,  and  occurrences  of 
large  Bs,  with  delays  from  onset  of  2.5-5  days. 

Implications  of  the  New  Paradigm 

The  old  concept  that  solar  flares  and,  more  recently, 
isolated  filament  eruptions  cause  major  transient  inter¬ 
planetary  disturbances  and  geomagnetic  storms  is  being 
challenged.  Many  researchers  embrace  a  new  paradigm 
that  the  CME,  a  subset  of  which  are  associated  with 
both  flares  and  filament  eruptions,  is  the  crucial  link 
between  solar  activity  and  transient  disturbances  at 
Earth.  Much  of  this  misconception  arose  because  CMEs 
are  eruptions  of  coronal,  not  lower  atmospheric  mate¬ 
rial.  To  earlier  reseairchers  the  corona  was  mostly  invis¬ 
ible,  wher^  flare  effects  in  the  lower  solar  atmosphere 
were  easily  viewed  in  the  optical  regime.  The  devel¬ 
opment  of  spacebome  imaging  instruments  allowed  us 
to  study  the  corona  and  eventually  correct  our  under¬ 
standing  of  solar-terrestrial  linkages.  The  concept  that 
CMEs  are  the  key  geoeffective  solar  phenomenon  has 
important  implications  for  prioritizing  the  development 
of  instruments  and  techniques  for  the  observation  of  sig¬ 
natures  at  the  sun  and  in  the  vicinity  of  the  earth  used 
to  predict  transient  IP  disturbances  and  geomagnetic 
storms. 

CMEs  arise  in  large-scale  structures  lying  near  the 
base  of  the  solar  corona.  Most  of  the  ejected  material 
originally  consisted  of  hot,  highly  ionized  gas  imbed¬ 
ded  in  closed  loop  structures.  Most  CMEs  are  associ¬ 
ated  with  coronal  streamers,  many  of  which  are  in  the 
streamer  belt  that  is  the  base  of  the  HCS.  Thus,  CMEs 
may  be  an  integral  part  of  dynamical  phenomena  oc¬ 
curring  in  the  HCS.  Two  important  implications  of  this 
are  that  the  transient  disturbances  related  to  CMEs 
will  tend  to  occur  more  frequently  near  sector  bound¬ 
ary  crossings,  and  that  the  stronger  recurrent  storms, 
usually  thought  to  be  caused  by  high  speed  streams  be^ 
tween  sector  crossings,  may  actually  be  associated  with 
compression  of  CME  flows  in  stream  interaction  regions 
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near  the  boundaries  [Crooker  and  diver,  1994].  There¬ 
fore,  determining  the  time  of  sector  boundary  crossings 
at  the  earth,  based  on  the  location  and  degree  of  ac¬ 
tivity  in  the  streamer  belt  at  the  sun,  should  improve 
storm  forecasts. 

The  largest  storms  are  caused  by  fast  CMEs  and 
strong  shocks  which  often  have  associated  energetic 
flares  at  the  sun,  but  most  storms  are  of  moderate  to 
small  size.  The  disturbances  that  cause  these  storms 
have  few  clear  observables  at  the  sun,  partly  because 
we  don’t  directly  observe  against  the  disk  the  coronal 
plasma  and  magnetic  fields  participating  in  the  CME.  In 
the  optical  regime  disappearing  filaments  should  be  the 
best  predictor  of  CMEs,  but  they  axe  not  well  observed 
or  routinely  reported.  In  general,  predictions  should  be 
based  not  on  the  occurrence  of  a  large  flare,  but  whether 
the  observed  activity  is  indicative  of  a  CME. 

Therefore,  high  priority  should  be  given  to  the  devel¬ 
opment  of  mstrumentation  to  detect  the  onset  of  CMEs 
at  the  sun  and  their  propagation  through  the  corona 
and  the  heliosphere.  Some  older  techniques  have  proven 
vital  to  our  present  understanding  of  coronal  and  IP 
mass  ejecta,  and  should  be  considered  in  future  plan¬ 
ning.  These  include  X-ra.y  imagers,  white  light  coro- 
nagraphs  and  metric  radio  telescopes  for  observations 
near  the  sun.  Near-Earth  coronagraphs,  of  course,  best 
observe  material  above  the  solar  limb  and  not  CMEs 
directed  at  the  earth.  Observations  of  ejecta  in  the  IP 
medium  and  the  vicinity  of  the  earth  have  been  made 
by  heliospheric  white  light  imagers,  detectors  observing 
IP  radio  scintillation,  kilometric  radio  telescopes  and 
spacecraft  instruments  measuring  the  in-situ  solar  wind. 

In  addition  to  careful  application  of  these  known  tech¬ 
nologies,  we  need  to  develop  new  methods  to  study 
CMEs  and  forecast  their  arrival  at  Earth.  Some  promis¬ 
ing  missions  involve  directly  imaging  dense  plasma  with¬ 
in  the  inner  heliosphere.  These  include  white  light  im¬ 
agers  placed  in  Earth  orbit,  one  or  more  coronagraphs 
placed  at  the  Lagrangian  points  at  60®  or  at  about  90® 
leading  or  trailing  the  earth  in  its  orbit,  and  instruments 
designed  to  image  IP  shock  waves.  These  methods  are 
intended  to  provide  1-3  days  advance  warning  of  a  dis¬ 
turbance  headed  toward  the  earth. 
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Correlator  measurements  of  megahertz  wave— particle 
interactions  during  electron  beam  operations 
on  STS 

M.  P.  Gougt,^  D.  A.  Haxdy,2  M.  R.  Oberiiaxdt,^  W.  J.  Burke, ^  L.  C. 

Gentile,^  B.  McNeil,^  K.  Boimar,'^  D.  C.  Thompson,®  and  W.  J.  Raitt® 

Abstract,  We  report  on  the  analysis  of  megaiertz  modulation  of  electrons  as 
measured  by  the  Shuttle  Potential  and  Return  Electron  Experiment  (SPREE) 
during  dc  firing  of  the  shuttle  electro  dynamic  tether  system  (SETS)  fast  pulsed 
electron  generator  (FPEG).  The  SPREE  and  FPEG  were  fiown  aboard  the  space 
shuttle  Atlantis  flight  STS  46  as  part  of  the  Tethered  Satellite  System  (TSS  1) 
mission.  The  principal  data  reported  here  are  from  the  SPREE  multiangular 
electrostatic  analyzers- (ESAs)  and  Space  Particle  Correlator  Experiment  (SPACE). 
The  ESAs,  mounted  on  rotary  tables,  meaisured  electrons  and  ions  in  the  energy 
range  from  10  eV  to  10  keV  over  a  solid  angle  of  sr.  The  SPACE  is  a  signal 
processing  system  that  analyzes  the  pulse  stream  from  the  SPREE  ESAs  to  identify 
bunching  of  the  electrons  and  ions  produced  by  coherent  wave-particle  interactions 
(WPIs).  The  SPACE  detects  modulations  in  the  electron  fluxes  in  frequency  range 
0-  to  10-MHz.  This  paper  concerns  2-  to  4'MHz  modulations  of  the  electron  flux 
detected  by  the  SPACE  when  the  FPEG  was  firing  in  a  dc  mode  at  pilrch  angles 
close  to  90°.  During  such  operations,  FPEG  emitted  a  current  of  100  mA  at  an 
energy  of  1  keV.  For  these  times,  electrons  with  energies  from  10  to  1850  eV  were 
measured  by  the  SPREE.  For  energies  between  ^>^10  and  100  eV  the  electron  flux  is 
basically  isotropic.  At  higher  energies  the  flux  increases  for  pitch  angles  near  90°. 
The  electron  distribution  functions  generally  decrease  monotonically  with  increasing 
energy  up  to  100  eV.  At  energies  >  100  eV  the  distributions  either  monotonically 
decrease  or  exhibit  a  peak  or  plateau  at  energies  near  the  beam  emission  energy. 
Megahertz  modulations  were  observed  for  electrons  with  energies  from  10  to  1180 
eV,  on  both  positive  and  negative  slopes  in  the  distribution  function  and  throughout 
the  27r  sr  sampled  by  the  ESAs.  The  occurrence  and  strength  of  the  modulations 
exhibit  no  clear  dependence  on  the  pitch  angle  at  which  the  electrons  are  measured. 
However,  they  appear  to  be  limited  to  low  parallel  velocities  (<  3  x  10^  m  s~^) 
where  beam-generated  waves  are  in  resonance  with  suprathermal  electrons. 


Introduction 

The  injection  of  electron  beams  into  the  ionosphere 
produces  prompt  changes  in  the  plasma  environment. 
These  include  the  creation  of  a  broad  energy / angle  spec¬ 
trum  of  returning  electrons  and  a  high  level  of  heating 
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of  the  ambient  thermal  electrons  [Hardy  ei  aZ.,  1995]. 
Since  previous  observations  have  shown  that  Coulomb 
scattering  is  a  minor  contributor  to  the  interaction  of 
the  beam  with  the  ambient  environment  [Wilhelm  ei 
aZ.,  1985],  wave-particle  interactions  (WPIs)  with  fast 
growth  rates  must  contribute  significantly  to  the  pro¬ 
duction  of  these  effects.  In  this  paper  we  report  evi¬ 
dence  for  strong  WPIs  in  the  form  of  megahertz  mod¬ 
ulations  of  electrons  observed  in  the  energy  range  from 
10  eV  to  1.2  keV. 

During  previous  beam-emission  experiments  wave 
sensors  have  detected  both  megahertz  and  kilohertz  fre¬ 
quency  signals.  During  Spacelab  1,  Mourenas  ei  ai 
[1989]  reported  strong  waves  at  the  harmonic  of  the 
electron  gyrofrequency,  n/^e,  closest  to  the  upper  hy¬ 
brid  frequency  Ahr-  The  Echo  7  sounding  rocket  mea¬ 
sured  beam-induced  wave  activity  near  Aur  ^.t  '*^4.2 
MHz  [Ginei  and  Emsimeyer^  1991]  with  a  few  broad¬ 
band  flashes  extending  up  to  20  MHz  [Winckler  ei  aZ., 
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1989] ,  Abe  ei  ai  [1988]  observed  waves  both  close  to  the 
proton  gyro  frequency,  /^+  of  800  Hz,  and  the  hybrid 
frequency  of  H*^  and  He"^,  as  well  as  around  the  lower 
hybrid  frequency  /ihr  ~8-5  kHz  on  sounding  rocket  Echo 
6,  A  broad  peak  was  frequently  observed  near  /i^r  dui- 
ing  beam  emissions  from  the  Echo  7  rocket  [Ginei  and 
EmsimeyeT^  1991]  and  Spacelab  2  [Caims  and  Gumeti, 
1991],  Also  on  Spacelab  2,  finite  antenna-length  effects 
led  to  interference  patterns  across  the  broad  frequency 
range  0-10  kHz  that  were  interpreted  as  obliquely  prop¬ 
agating  ion  acoustic  or  high-order,  ion  cyclotron 
waves  [Feng  ei  ai.,  1992]. 

Thiee-dimensioncd,  electrostatic  simulations  show  that 
when  beam  electrons  are  injected  into  the  ionosphere  at 
oblique  angles  to  the  magnetic  field  they  form  hollow 
cylinders  [Priickeii,  1991],  With  time,  these  cylinders 
become  increasingly  filled  in  by  particles.  The  trans¬ 
verse  wave  spectrum  for  this  case  is  dominated  by  a 
peak  close  to  inside  the  cylinder,  and  by  broad¬ 
band,  low-frequency  waves  up  to  the  ion  plasma  fre¬ 
quency  outside  the  cylinder.  Tins  prediction  is  consis¬ 
tent  with  measurements  taken  during  the  Spacelab  2 
mission.  When  the  picisma  diagnostic  package  (PDP) 
subsatellite  was  flying  close  to  the  guiding  center  field 
line  of  beam  electrons,  its  electric  field  sensor  detected 
strong  emissions  near  /u^r  [Gumeii  ei  aL,  1988], 

Particle  correlation  measurements  of  the  natural  elec¬ 
tron  beams  over  auroral  arcs  reveal  the  presence  of 
similar  megahertz  particle  modulations  at  /uhr-  The 
electron  autocorrelators  flown  on  the  E2B  sounding 
rocket  detected  2.8-MEz  oscillations  on  a  4.5-keV  au¬ 
roral  beam  at  230  km  [Gough  and  Urban^  1983].  On 
the  CAESAR  2  rocket,  1.4-MHz  oscillations  were  mea¬ 
sured  on  a  9-keV  auroral  beam  at  690  km  [Gough  ei  ai, 

1990] .  In  both  cases,  the  frequency  of  modulation  was 
primarily  governed  by  the  local  value  of  /uhr*  Both  rock¬ 
ets  flew  over  quiet  auroral  arcs  where  predominantly 
field-aligned  electron  beams  had  evolved  adiabatically 
to  cover  a  range  of  pitch  angles  with  shell-shaped  veloc¬ 
ity  distributions.  Maggs  and  Loiko  [1981]  and  Lotko  and 
Maggs  [1981]  have  considered  the  stability  of  shell  dis¬ 
tributions  to  the  growth  of  electrostatic  waves.  They 
concluded  that  the  Landau  resonance  (n  =  0)  domi¬ 
nates  over  a  large  range  of  altitudes  with  wave  growth 
strongest  for  propagation  parallel  to  the  magnetic  field. 
At  low  altitudes  the  shell  feature  extends  adiabatically 
to  large  pitch  angles  and  the  Doppler-shifted  cyclotron 
resonance  (n  =  -j-l)  can  become  important.  The  nec¬ 
essary  condition  for  the  n  =  -hi  resonance  is  for  the 
existence  of  a  positive  value  for  df  fdv±  at  the  resonant 
parallel  velocity.  Gough  et  ai.  [1990]  showed  that  the 
auroral  beam  distribution  at  low  altitudes  could  sup¬ 
port  both  the  Ti  =  0  and  n  =  -hi  resonant  conditions. 
The  n  =  -hi  resonance  requires  oblique  wave  propaga¬ 
tion  at  angles  >85®. 

Kellogg  and  MoTison  [1979,  1984]  and  more  recently 
WeatheTwax  ei  al.  [1994]  reported  receiving  megahertz 
radio  signals  from  aurora.  Frequencies  observed  are 
near  harmonics  of  the  local  ionospheric  electron  gyrofre- 
quency.  One  of  the  sounding  rockets  detected  auroral- 


electron  modulations  close  to  =  2/ce,  a  frequency- 
matching  condition  predicted  by  Kaufmann  [1980]  as 
leading  to  strong  electrostatic  wave  growth.  Gough  and 
Urban  [1983]  suggested  that  a  few  percent  of  the  electro¬ 
static  wave  power  generated  on  the  modulated  auroral 
beam  they  had  observed  could  convert  into  electromag¬ 
netic  radiation.  This  value  was  based  on  GEOS  satellite 
measurements  of  electrostatic  to  electromagnetic  wave- 
power  conversion  at  sources  of  continuum  emissions  in 
the  magnetosphere.  Radio  wave  power  observed  at  the 
ground  was  compatible  with  a  modulated  primary  auro¬ 
ral  beam  source  if  ionospheric  absorption  limited  trans¬ 
mission  to  about  1%. 

This  paper  reports  on  the  direct  measurement  of 
WPIs  by  the  Shuttle  Potential  and  Return  Electron  Ex¬ 
periment  (SPREE)  aboard  the  STS  46.  The  detection 
of  electrons  modulated  at  megahertz  frequencies  was  ac¬ 
complished  by  spree’s  Space  Particle  Correlator  Ex¬ 
periment  (SPACE).  These  modulations  were  observed 
in  four  intervals  during  which  the  fast  pulsed  electron 
generator  (FPEG)  was  emitting  a  100-mA  beam  of  1- 
keV  electrons  at  pitch  angles  near  90®.  In  the  follow¬ 
ing  section  we  describe  the  measuring  capabilities  of 
SPREE  and  SPACE.  We  then  present  detailed  analy¬ 
ses  of  two  modulatioiL  events.  The  final  section  dis¬ 
cusses  relationships  between  these  measurements  and 
results  reported  from  previous  shuttle  and  sounding 
rocket  flights.  We  also  comment  on  their  significance  for 
understanding  high-frequency  WPIs  in  beam-emission 
environments. 

SPREE  and  SPACE  Instrument 
Capabilities 

STS  46  offered  an  opportunity  to  study  beam  plasma 
interactions  in  space  under  controlled  conditions  with 
advanced  particle  detectors,  offering  high-resolution  in 
energy/angle,  and  fast-time  response.  All  results  dis¬ 
cussed  here  were  obtained  while  the  tethered  satellite 
was  stowed  iu  the  payload  bay, 

A  detailed  description  of  SPREE  is  given  by  Ober- 
hardi  ei  al  [1994].  Briefly,  its  core  elements  are 
two  nested,  triquadraspherical,  electrostatic  analyzers 
(ESAs)  that  simultaneously  measure  fluxes  of  electrons 
and  ions  with  energies  between  10  eV  and  10  keV  over 
a  100®  X  8.5®  angular  fan.  The  resolution  for  electron 
energy  channels  is  Spectra  were  com¬ 

piled  at  rates  of  either  1  or  8  in  32  logarithmically 
spaced  energy  channels.  The  active  detection  elements 
of  the  ESAs  are  strips  of  microchannel  plates  (MCP). 
The  100®  dimension  of  the  angular  fan  is  divided  in  10 
zones  of  10®  width,  designated  0  to  9,  Zone  0  has  its 
lower  edge  5®  below  parallel  to  the  base  of  the  ESA  unit 
while  zone  9  looks  5®  beyond  shuttle’s  zenith. 

Each  ESA  was  mounted  on  a  rotary  table  that  was  ei¬ 
ther  parked  or  turned  through  180®  every  30  s.  The  two 
analyzers  and  rotary  tables,  designated  ESA  A  and  B, 
were  mounted  back  to  back  with  a  constant  phase  angle 
in  their  detection  fans  of  180®,  such  that  both  the  elec- 
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Figure  1.  Block  diagram  providing  an  overview  of  the  SPREE-SPACE  sensor  on  STS  46. 


iron  and  ion  spectra  were  sampled  over  a  solid  angle  of 
2t  ST  every  30  s.  In  the  text  that  follows  we  use  a  stan¬ 
dard  shuttle  coordinate  system  with  the  X,  Y  and  X 
in  the  directions  of  shuttle’s  nose,  starboard  and  nadir, 
respectively.  Also  we  make  reference  to  the  azimuth 
angle  of  the  rotary  table  for  ESA  A.  Rotary  angles  of 
0°,  90®,  and  180®  reference  times  when  the  aperture  of 
ESA  A  faced  toward  shuttle’s  left  wing  (—F),  bow  (X), 
and  right  wing  (y),  respectively.  To  cissuxe  unsaturated 
measurements  in  both  the  ambient  and  disturbed  envi¬ 
ronments  expected  during  the  mission,  the  geometric 
factors  of  ESA  B  were  --100  times  smaller  than  those 
of  ESA  A. 

Figure  1  is  a  diagram  of  the  SPREE/SPACE  combi¬ 
nation.  In  parallel  with  the  normal  counting,  SPACE 
processes  data  streams  from  selected  zones  of  ESA  A 
and  ESA  B.  For  the  selected  zones,  particle  correlations 
are  made  using  19  parallel  processing  elements.  Groups 
of  these  units  independently  determine  low-frequency 
autocorrelation  functions  (LF  ACF),  high-feequency  au¬ 
tocorrelation  functions  (HF  ACF)  and  beam  correla¬ 
tions.  All  LF  ACF  and  HF  ACF  units  have  their  se¬ 
lected  input  zones  changed  every  30  s  (once  per  rotation 
of  the  sensors)  and  their  frequency  range  stepped  ev¬ 
ery  90  s,  with  full  sensor-frequency  coverage  taking  540 
s  since  there  are  three  frequency  ranges  for  each  ACF 
type.  Data  from  the  LF  and  HF  units  were  initially  pro¬ 
cessed  in  real  time  for  ground  experimenters  by  an  on 
board  neural  network  [Gough^  1994].  Here  results  come 
from  the  full  data  set,  stored  on  SPREE  data  recorder 
for  post-flight  analysis.  The  LF  ACF  units  cover  the 
frequency  range  0  —  10  kHz.  The  beam  units  specify 
on/ off  fiuence  differences  for  selected  ion  and  electron 
data  streams  taken  while  FPEG  was  being  pulsed  at 
frequencies  >1  Hz.  In  this  paper  we  arc  only  concerned 
with  high-frequency  modulations  detected  while  FPEG 
operated  in  its  dc  mode.  The  details  of  the  HF  ACF 
processing  are  given  below. 


Megahertz  range  autocorrelation  functions  are  made 
by  six  separate,  hard-wired  processing  elements  on  six 
electron  detection  streams  (three  each  from  electron 
detectors  A  and  B).  The  technique  here  is  similar  to 
that  used  on  previous  space  flights  [Gough,  1980,  1985; 
Gough  ct  aL,  1990].  Tunes  between  electron  arrivals  are 
measured  in  units  of  counts  of  a  clock  running  at  twice 
the  maximum  frequency  to  be  studied.  Histograms  of 
occurrence  of  time  separations  are  generated  as  a  func¬ 
tion  of  electron  energy.  A  histogram  is  generated  for 
each  of  the  32  energy  levels  sampled  by  the  SPREE 
ESAs.  For  each  arrival  of  an  electron  that  is  separated 
in  time  from  the  previoTis  electron  by  a  count  C  of  the 
clock,  a  bin  in  the  histogram  is  incremeifted  by  1: 

E{E,  C)  =  S{E,  C)  4- 1,  1  <  C  <  64 

At  each  energy  a  64-poiat  histogram  is  accumulated 
over  all  periods  in  which  .channels  were  sampled.  With 
SPREE  operating  in  the  slow  mode,  HF  ACFs  are 
summed  over  3  s  with  each  energy  channel  being  sam¬ 
pled  3  times  for  a  total  of  31.2  ms.  With  SPREE  oper¬ 
ating  in  the  fast  mode,  HF  ACFs  axe  summed  over  12  s 
and  each  energy  channel  is  sampled  96  times  each  time 
for  3.91  ms.  This  gives  total  accumulation  times  of  93.7 
and  375  ms  for  slow  and  fast  modes,  respectively.  At 
the  end  of  these  accumulation  periods  the  whole  block 
of  2048  values  (32  energies  x  64  lags)  is  read  by  the 
SPACE  CPU  into  the  SPREE  recorder  for  telemetry, 
and  these  values  are  then  reset  to  zero  to  begin  the 
next  accumulation  period. 

These  histograms  are  equivalent  to  the  summation  of 
many  one-bit  autocorrelations  where  only  two  bits  are 
set  in  each  group  of  samples  being  correlated.  This  tech¬ 
nique  is  much  less  computationally  intensive  than  calcu¬ 
lating  the  equivalent  autocorrelation  functions.  Usually, 
there  is  little  loss  in  performance  over  full  autocorrela¬ 
tion  since  the  probability  of  receiving  more  than  two 
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electrons  in  64  cycles  of  a  20-MHz  clock  is  very  low  for 
typical  count  rates  of  10^  counts  s-^  The  main  ad¬ 
vantage  of  this  buncher-histogram  technique  is  that  it 
^ows  the  study  of  modulated  frequencies  that  are  a 
few  orders  of  magnitude  higher  than  the  average  count 
rate,  providing  that  the  phenomena  are  sufHciently  sta¬ 
ble  over  summation  times.  The  main  disadvantage  is  its 
extreme  sensitivity  to  modulation  depth.  The  measured 


histogram,  fractional-counts  modulation  varies  as  the 
square  of  the  fraction  of  modulated  electrons.  If  only 
50%  of  electrons  are  wave  modulated,  then  onlv  1  in 
4  of  the  histogram  counts  correspond  to  measurements 
between  modulated  electrons,  and  only  25%  contribute 
to  the  measured  modulation. 

HF  ACF  units  employ  field  programmable  gate  ar¬ 
rays  with  local  random  access  memories  to  accumu- 
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Plate  2.  ACFs  and  FFTs  of  electron  modulations  observed  in  zones  (top)  1,  (middle)  4,  and 
(bottom)  7  at  ~  2008:34  UT  on  Julian  day  216  during  the  hrst  dc  firing  of  FPEG  shown  in  Plate 
1.  The  ordinates  indicate  electron  energy  between  10  eV  and  10  keV.  The  ACF  abscissa  gives 
lags  1  to  64  with  lag  increments  of  50  ns.  The  FFT  abscissa  is  frequency  1  to  10  MEz. 


late  two-dimensional  (energy  and  time  lag)  histograms. 
Each  unit  w'ais  directly  accessed  by  the  SPACE  CPU 
bus  for  read  out  at  the  end  of  the  summation  periods  of 
3  or  12  s.  HP  ACF  units  were  cycled  over  the  frequency 
ranges:  0-10  MHz,  0  -  2.5  MHz,  and  0  -  0.625  MHz. 
All  of  the  results  presented  here  were  obtained  from  the 
0  to  10  MHz  frequency  range  with  histogram  time  lags 
of  50  ns.  Because  of  the  dead  times  of  the  electron¬ 
ics,  the  hrst  HF  ACF  bin  for  this  frequency  range  is 
for  650  ns  electron  separations  and  the  last  bin  is  for 
3.85-^lS  separations.  In  the  lower- frequency  ranges,  for 
the  events  studied,  no  signihcant  modulations  were  de¬ 
tected.  Besides  any  real  electron  modulation,  data  ac¬ 
cumulated  in  the  lower-frequency  ranges  also  included 
a  strong  background  shape  corresponding  to  that  e:x- 
pected  from  the  Poisson  statistics  of  time  separation 
measurements  for  random-count  events. 

Ground  computer  fast  Fourier  transform  (FFT)  pro¬ 
cessing  of  the  64-pomt  histograms  yields  a  32-point  fre¬ 
quency  spectrum  for  each  of  the  32  energies  for  each 
accumulation  period.  Frequency  resolution  is  thus  ^ 
of  the  maximum  frequency:  312  kHz  in  the  10-MKz 
frequency  range.  As  a  result  of  the  electronics  dead 
time,  the  hrst  histogram  bin  corresponds  to  a  time  of 
13  lags,  and  the  histogram  cannot  be  reflected  about 
zero  lag  before  Fourier  transformaiion. 


High-Frequency  Electron  Modulations 

This  paper  discusses  SPACE  and  SPREE  measure¬ 
ments  acquired  during  the  only  four  periods  of  the  STS 
46  mission  when  FPEG  was  emitting  a  continuous  beam 
at  nearly  90*^  to  the  magnetic  held  and  SPACE  was  op¬ 
erating  in  its  0-  to  10-MHz  mode.  In  each  instance 
it  delected  electron  huxes  that  were  strongly  modu¬ 
lated  at  megahertz  frequencies.  We  found  numerous 
examples  of  FPEG  emitting  ai  pitch  angles  far  from 
90®,  in  which  SPACE  detected  kilohertz,  but  not  mega¬ 
hertz,  modulations  of  electrons  reaching  SPREE.  The 
hrst  and  strongest  modulations  at  the  high  frequency 
were  detected  between  2008:29  and  2009:36  UT  on  Au¬ 
gust  3.  1992  (Julian  day  216).  The  last  three  occurred 
on  August  4,  1992  (Julian  day  217)  during  the  intervals 
0620:02-0620:45,  0651:00-0651:35,  and  0732:30-0732:45 
UT.  The  first  and  third  (second  and  fourth)  modulation 
events  occurred  while  shuttle  w'as  in  darkness  (sunlight). 
In  the  following  paragraphs  we  focus  on  measurements 
taken  during  the  first  two  events. 

First  High-Frequency  Modulation  Event 

During  the  hist  modulation  event  shuttle  was  in 
darkness  over  South  Africa  with  the  magnetic  held  di- 
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Plate  3.  ACFs  and  FFTs  of  electron  modulations  observed  in  zones  3  (top),  6  (middle),  and  9 
(bottom)  at  ^  2009:36  UT  on  Julian  day  216  in  the  same  format  as  Plate  2. 


rection  approximately  along  the  long  axis  (X)  of  the 
payload  bay.  Figure  2  shows  two  unperturbed  trajec¬ 
tories  for  electrons  at  the  center  of  the  FPEG  beam 
with  geometrically  accurate  representations  of  the  shut¬ 
tle  and  the  TSS  1  payload.  The  magnetic  held  at 
2008:29  UT  should  have  forced  electrons  at  the  center 
of  FPEG’s  emission  cone  to  impact  the  shuttle's  remote 
manipulator  arm  close  to  SPREE  in  less  than  one  Lar- 
mor  period  (--i.25  /rs).  The  magnetic  held  strength 
and  orientation  changed  slowly  so  that  by  2009:45  UT 
central-angle  electrons  should  have  completed  ten  gyra¬ 
tions  before  hitting  the  shuttle's  tail.  Within  this  period 
of  megahertz  modulations,  the  SPREE  encountered  in¬ 
tense  fluxes  of  electrons  with  energies  at  and  near  1 
keV,  whenever  its  detectors  faced  toward  the  shuttle’s 
left  wing  and  sampled  pitch  angles  close  to  90°.  Hardy 
ei  al.  [1995]  interpreted  the  electrons  with  energies  near 
1  keV  as  FPEG-emitted  electrons  directly  returning  to 
the  shuttle. 

Plate  1  is  an  energy- versus- time,  color  spectrogram 
of  SPREE  electron  measurements  from  ESA  A  during 
this  period.  Directional  differential  number  fluxes  are 
plotted  in  units  of  electrons  (cm”  s  sr  eV]"’ ,  as  desig¬ 
nated  by  a  color  code  displayed  to  the  right  of  the  spec¬ 
trogram.  The  horizontal  axis  is  annotated  with  time 
and  the  azimuth  angle  of  the  rotary  table.  These  data 


are  from  SPREE  zone  4  which  is  located  near  the  center 
of  the  detection  fan.  Line  plots  below  the  spectrogram 
give  the  pitch  angle  and  the  angle  to  ram  at  the  center 
of  the  zone.  During  this  period,  SPREE  was  operating 
in  its  fast  mode.  FPEG  was  emitting  a  dc  current,  us¬ 
ing  a  30  s  on,  15  s  off  cycle.  Plate  1  illustrates  several 
relevant  points.  First,  there  are  two  periods  wdien  in¬ 
tense  fluxes  of  electrons  were  observed,  coinciding  with 
the  times  when  FPEG  was  turned  on.  The  spectro¬ 
gram  shows  the  fluxes  extending  from  SP REE’s  lower 
limit  up  to  and  beyond  the  FPEG  beam  energy.  These 
electron  fiuxes  were  detected  at  aD  azimuth  angles  for 
the  rotary  table  and  in  ail  of  SPR.SE’s  zones.  Periods 
with  FPEG  turned  off  show  no  electrons  being  detected 
within  the  energy  range  and  sensitivity  of  SPREE.  Sec¬ 
ond,  at  rotary-table  angles  of  -^0°  and  a  pitch  angle 
of  --90°  the  electron  flux  “was  enhanced  at  ail  energies 
with  an  intense  peak  around  1  keV.  Electrons  were  mea¬ 
sured  to  energies  as  high  ds  ~1850  eV.  Hardy  ct  al. 
[1995]  showed  that  the  1-keV  electrons  directly  return 
from  the  FPEG  after  they  have  traveled  almost  one 
full  gyroperiod.  Third,  at  all  other  rotary-table  angles 
the  electron  spectra,  in  general,  decrease  monotonically 
with  at  most  a  weak  peak  at  energies  above  500  eV. 
This  electron  population  is  nearly  isotropic  with  a  cal¬ 
culated  number  density,  within  S?P.EE’s  energy  ran^e. 
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of  1  to  5  X  10^  electrons  cm“^. 

A  total  of  six  HF  ACFs  of  12-s  duration  were  taken 
during  the  period  between  2008:29  and  2009:36  UT.  Sig- 
nihcant  HF  modulations  were  observed  in  every  zone 
sampled  during  all  six  intervals,  corresponding  to  the 
range  of  rotary  table  angles  from  0®  to  90°.  In  the  first 
three  12-s  intervals,  HF  ACFs  were  taken  for  SPREE 
data  from  ESA  A  zones  1,  4,  7  (Plate  2).  For  the  last 
three  intervals,  SPREE  data  were  from  zones  3,  6,  and 
9  (Plate  3). 

Plates  2  and  3  display  color  spectrograms  in  which 
ACF  data  axe  plotted  in  the  three  right  panels,  and 
the  corresponding  FFTs  of  the  ACF  are  plotted  in  the 
three  left  panels.  In  the  ACF  plots  the  horizontal  axis 
is  the  lag  from  1  to  64,  the  vertical  axis  is  the  energy 
of  the  SPREE  channel  being  Scimpled,  and  color  repre¬ 
sents  the  accumulated  counts  at  each  lag.  For  the  FFTs 
the  horizontal  axis  gives  frequency  from  0  to  10  MHz; 
the  vertical  axis  is  SPREE  energy.  Colors  represent  the 
FFT  amplitudes.  The  FFTs  were  calculated  without 
detrending  or  windowing  the  data.  This  level  of  pro¬ 
cessing  was  sufficient  for  the  purpose  of  surveying  the 
data  to  identify  periods  of  HF  modulation.  Each  panel 
is  annotated  with  the  end  time  of  the  12-s  period  over 
which  the  ACFs  and  FFTs  were  determined. 

In  Plate  2  and  3  there  are  clear  periodicities  in  the 
HF  ACFs  in  each  of  the  three  zones.  In  the  FFTs  these 
translate  to  strong  amplitude  peaks  in  a  frequency  band 
between  3.0  and  3.9  MHz.  Within  this  band,  megahertz 
modulations  are  seen  over  two  separate  ranges  in  energy. 
In  all  three  zones  the  modulation  occurs  at  energies 
from  approximately  20  to  60  eV.  For  zones  1  and  4  the 
modulation  is  also  seen  between  600  and  1180  eV  and 
between  400  and  1180  eV,  respectively.  At  the  center 
time  of  the  HF  ACF  accumulation  interval  in  Plate  2, 
zones  1,  4,  and  7  were  sampling  electron  fluxes  at  pitch 
angles  near  96°,  86°,  and  80°,  respectively. 

In  Figure  3  we  show  in  more  detail  two  specific  HF 
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Figure  3.  Detailed  FFTs  and  ACFs  for  ESA  A  energy 
channels  at  829  eV  (left)  and  34.9  eV  (right)  taken  at 
2008:34  UT  on  Julian  day  216. 


ACFs  and  FFTs  for  this  interved.  These  are  for  zone  4 
for  energy  channels  centered  at  829  and  34.9  eV.  There 
are  two  points  of  note.  First,  both  ACFs  show  a  strong 
depth  of  modulation.  In  both  cases  the  percentage  of 
the  ACF  corresponding  to  modulated  counts  is  in  the 
range  of  25  to  30%,  indicating  that  more  than  half  of 
the  electrons  in  this  energy  range  are  modulated  by  the 
wave.  Second,  there  is  a  reed  difference  in  the  frequency 
of  the  modulation  at  different  zones  at  different  ener¬ 
gies,  In  the  829-eV  case  (left  panel),  the  FFT  peaks  at 
the  channel  with  a  central  frequency  of  3.90-MHz  while 
in  the  34.9-eV  case  (right  panel)  the  FFT  peaks  for  the 
3.28-MHz  channel.  This  difference  in  the  FFT  reflects 
a  real  difference  in  the  periodicity  of  the  ACFs.  For  the 
ACF  at  higher  energy  12  peaks  are  seen  within  the  64 
lags,  while  for  the  low-energy  channel  only  11  peaks  are 
observed. 

Figure  4  contains  plots  of  representative  electron  dis¬ 
tribution  functions  from  ESA  A,  zone  4  acquired  during 
the  accumulation  interval  of  the  HF  ACFs  and  FFTs  in 
Plate  2.  The  three  spectra  (A,  B,  and  C)  illustrate  the 
range  in  the  shapes  of  the  distribution  function  dur¬ 
ing  this  interval.  Spectra  from  ESA  A,  zone  4  were 
chosen  because  the  detector  was  unsaturated  except  in 
the  first  or  second  io west-energy  channels.  Saturation 
results  when  there  are  high  levels  of  particle  flux  to 
the  MCP  within  an  ESA.  Electrons  that  have  been  en¬ 
ergy  analyzed  by  the  ESA  impact  the  MCP.  There  each 
electron  unleashes  aji  electron  cascade  that  results  in 
a  pulse  of  sufficient  size  to  trigger  the  electronics,  thus 
producing  a  count.  At  high  levels  of  particle  flux  to 
the  MCP,  the  average  size  of  the  pulses  decreases  so 
that  some  fraction  is  no  longer  sufficiently  large  to  trig¬ 
ger  the  electronics.  At  these  flux  levels  the  measured 
count  rate  is  no  longer  linearly  related  to  the  incident 
flux.  The  higher  the  flux  above  some  definable  thresh¬ 
old  level,  the  greater  the  fraction  of  impacting  electrons 
that  are  not  counted.  At  some  point  the  count  rate  ac¬ 
tually  decreases  with  increasing  flux.  In  zone  1,  near 
the  FPEG  beam  energy,  the  flux  was  so  high  that  the 
instrument  saturated  in  this  way.  For  comparison  the 
bottom  right  panel  of  Figure  4  contains  the  distribution 
of  electrons  measured  in  ESA  B,  zone  0  while  facing  in 
the  direction  of  beam  return  [Hardy  ei  a/.,  1995].  Since 
the  geometric  factor  of  ESA  B  was  100  times  smaller 
than  that  of  ESA  A,  it  wexs  never  in  saturation. 

The  spectra  from  ESA  A,  zone  4  illustrate  several 
important  points.  First,  the  distribution  measured  at 
energies  above  500  eV  at  2008:29  UT  is  the  highest  of 
the  three  from  ESA  A.  Comparing  Figure  4  and  Plate 
2,  one  can  see  that  phase  space  densities,  enhanced  by 
2  orders  of  magnitude,  only  occurred  at  the  beginning 
of  the  12-s  interval  during  which  the  HF  ACFs  and 
FFTs  were  accumulated.  Since  high  fluxes  are  needed 
to  produce  the  high  count  rates  required  for  meaning¬ 
ful  HF  ACFs,  we  conclude  that  the  spectrum  as  mea¬ 
sured  at  2008:29  UT  must  be  the  one  in  which  modu¬ 
lations,  seen  in  the  energy  range  from  300  to  1180  eV, 
occurred.  One  notes  that  this  spectrum  dfjdv  ^  0  over 
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Figure  4.  Electron  distribution  functions  measured  by  ESA  A  in  zone  4  while  facing  (a)  the 
shuttle’s  left  wing  toward  returning  FPEG  electron  beam,  and  (b,  c)  in  the  shuttle’s  forward 
direction,  (d)  The  electron  distribution  function  measured  by  ESA  B,  zones  0  while  facing  in  the 
direction  of  the  returning  FPEG  beam. 


the  energy  range  195  to  600  eV.  The  distribution  func¬ 
tion  has  a  strong  negative  slope  at  higher  energies  up 
to  1850  eV,  The  megahertz  modulations  are  seen  for 
electrons  on  both  the  flat  and  negative-slope  parts  of 
the  distribution  function  in  this  energy  range  with  no 
measurable  difference  in  the  frequency  of  the  modula¬ 
tion.  The  distribution  function  has  a  thermal  shape  at 
energies  above  the  peak.  Linear,  least  squares  fits  to 
plots  in  this  energy  range  of  the  logairithm  of  the  dis¬ 
tribution  function  versus  energy  on  a  linear  scale  give 
temperatures  of  100  eV.  Second,  at  the  lower  energies 
of  electrons  where  megahertz  modulations  are  observed, 
df  jdv  is  agedn  strongly  negative.  In  general,  the  spec¬ 
tra  monotonically  decrease  for  energies  up  to  ^250  eV. 
The  spectral  turnover  in  the  lowest-energy  channels  re¬ 
sults  from  saturation  as  discussed  previously.  There  is 
nothing  in  the  shape  of  the  distribution  function  that 
suggests  why  the  modulation  is  seen  only  in  a  limited 
range  at  low  energies.  Since,  for  energies  up  to  ^200 
eV ,  the  count  rate  sharply  decreases  with  increasing  en- 
the  high-energy  cutoff  may  merely  mark  the  point 
where  the  count  rate  dropped  to  a  level  that  is  too  low 
for  modulations  to  be  detectable.  This  conjecture  docs 
not  explain  the  lack  of  modulation  at  lower  energies 
where  the  count  rate  is  significantly  higher  than  in  the 
channels  where  modulation  is  observed. 


Megahertz  modulations  are  seen  primarily  at  low  en¬ 
ergies  during  the  next  three  of  the  six  intervcds  when 
HF  ACFs  were  measured.  Strong  modulations  in  the 
higher-energy  channels  are  observed  starting  in  the  in¬ 
terval  2009:10  to  2009:26  UT.  The  strongest  modula¬ 
tions  were  measured  in  the  second  interval  from  2009:22 
to  2009:34  UT,  as  shown  in  Plate  3.  The  key  observa¬ 
tion  from  this  interval  is  that  in  zone  3,  significant  HF 
modulations  actually  occur  at  all  energies  between  16 
and  1180  eV.  This  statement  appears  to  be  contrary 
to  the  spectrogram  in  Plate  3  in  which  a  wave  power 
minimum  occurs  from  100  to  300  eV.  To  demonstrate 
that  significant  modulations  occurred  at  edl  energies  re¬ 
quires  more  detailed  processing  of  the  ACFs  as  shown 
in  Figure  5.  In  this  figure,  we  have  plotted  for  elec¬ 
trons  measured  at  200  eV  the  raw  ACF  and  its  FFT. 
The  FFT  shows  a  significeint  peak,  at  a  frequency  of  ^^3 
MHz  even  though  the  FFT  color  spectrogram  shows  no 
clear  peak.  For  the  zone  3  me«isurements,  the  electron 
ACFs  were  processed  in  this  way  to  determine  the  chan¬ 
nels  in  which  HF  modulation  occurred.  We  also  note 
that  compared  to  the  first  interval,  the  FFTs  for  the 
interval  2009:22  to  2009:34  UT  are  taken  over  a  longer 
period  of  increased  flux  at  energies  above  a  few  hundred 
eV.  As  such,  the  wider  energy  range  for  the  megahertz 
modulation  may  reflect  simply  higher  count  rate  statis- 
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Figure  5.  (top)  Raw  ACF  and  (bottom)  FFT  for  ESA 
A’s  channel  at  200  eV,  taken  at  2009:35  ITT. 


tics.  A  second  point  of  note  in  the  FFTs  is  that  again 
there  is  a  difference  in  the  modulation  frequency  at  dif¬ 
ferent  energies.  For  zone  3,  for  energies  near  the  FPEG 
beam  energy,  the  FFTs  have  a  peak  at  a  frequency  of 
3.90  MHz,  while  at  lower  energies  the  peak  is  --0.6  MHz 
lower  in  frequency.  Modulations  at  lower  energies  are 
also  seen  in  zones  5  and  9.  The  electron  distribution 
functions  have  almost  the  same  shapes  as  those  shown 
in  the  first  interval. 

Second  High-Frequency  Modulation  Event 

We  next  consider  megahertz  modulations  observed 
on  Julian  day  217  between  0620:00  and  0620:50  UT 
while  the  shuttle  was  in  sunlight  over  Australia.  The 
magnetic  field  was  directed  out  of  the  shuttle  bay,  ap¬ 
proximately  orthogonal  to  its  bottom.  Over  this  in¬ 
terval,  the  central  pitch  angle  of  the  FPEG  beam  var¬ 
ied  smoothly  from  73°  to  90°  as  the  shuttle  executed 
a  20°  roL  FPEG  emitted  a  dc  pulse  from  0620:01  to 
0620:52  UT.  Figure  6  plots  the  trajectories  of  central- 
angle,  beam  electrons  from  0620:01  to  0620:31  UT,  and 
niustrates  two  points.  First,  the  gyromotion  of  the  elec¬ 
trons  initially  deflects  them  toward  the  front  of  the  shut¬ 
tle  and  the  stowed  TSS  1  satellite.  These  central-angle 
electrons  hit  neither  the  satellite  nor  its  support  struc¬ 
ture.  Second,  SPREE  detectors  are  located  just  out¬ 
side  of  the  cylinder  defined  by  the  gyromotion  of  these 
FPEG  electrons.  The  detection  fan  of  ESA  A  points 
toward  the  cylinder  when  the  rotary  table  azimuth  cin- 
gle  is  90°.  Since  the  FPEG  electrons  have  a  component 
of  velocity  along  the  magnetic  field  Hne,  few  of  them 
should  return  to  the  shuttle. 

During  this  period,  SPREE  was  operating  in  its  slow 
sweep  mode.  This  has  the  advantage  that  the  HP  ACFs 
are  accumulated  over  3  instead  of  12  s.  As  such,  the 
ACFs  can  be  more  precisely  related  to  specific  electron 
spectra.  Plate  4  is  a  color  spectrogram  of  the  differential 
number  flux  for  zone  2  between  0619:45  and  0621:15 
UT.  Throughout  the  period  of  dc  emissions,  electrons 
were  measured  from  the  lowest-energy  threshold  of  the 


SPREE  ESA  to  above  the  FPEG  emission  energy.  The 
spectrum  again  generally  decreases  monotonicaUy  with 
increasing  energy.  There  is  an  occasional  weak  peak  at 
energies  of  ~800  eV.  Unlike  the  first  event  there  is  no 
evidence  of  a  direct  return  of  FPEG  emitted  electrons 
to  SPREE. 

Plate  5  presents  color  spectrograms  of  FFTs  from 
the  two  consecutive  intervals,  0620:03  to  0620:06  and 
0620:06  to  0620:10  UT.  The  three  panels  from  top  to 
bottom  give  FFTs  from  zones  2,  5,  and  8,  respectively. 
For  these  two  intervals  and  three  zones,  ESA  A  was 
measuring  electrons  with  pitch  angles  near  70°,  41°, 
and  14°,  respectively.  These  figures  illustrate  four  im¬ 
portant  points.  First,  as  in  the  previous  example,  a 
strong  peak  in  the  FFT  amplitude  is  seen  in  the  range 
from  2  to  3  MHz  that  extends  over  a  range  in  electron 
energies.  The  modulation  is  seen  over  the  widest  energy 
range  in  zone  2,  while  in  zones  5  and  8  the  modulation  is 
confined  to  low-energy  channels  between  11  and  18  eV. 
Second,  at  low  energies  the  modulations  in  zones  5  and 
8  are  stronger  than  those  in  zone  2.  This  is  shown  in 
Figure  7  where  the  ACFs  and  FFTs  are  plotted  for  the 
11.4-eV  energy  channels  for  each  of  the  three  zones.  The 
strongest  modulation  near  3  MHz  was  in  zone  5  -with  no 
measurable  modulation  in  zone  2,  and  an  intermediate 
level  in  zone  8.  This  difference  in  level  of  modulation 
cannot  be  attributed  to  a  difference  in  count  rate.  For 
this  example,  the  three  count  rates  were  between  300 
and  500  Idlocounts  s~^  with  the  highest  counts  in  zone 
2  where  no  modulations  were  detected.  Third,  in  zone 
2,  at  energies  of  a  few  hundred  eV,  the  strength  of  the 
modulation  decreased  sharply  Horn  the  first  to  the  sec¬ 
ond  interval.  Again,  we  checked  to  see  if  this  could 
be  attributed  to  a  chainge  in  the  count  rate.  Examin¬ 
ing  the  spectra  at  the  center  of  the  two  intervals,  we 
determined  that  at  energies  from  57  to  218  eV  where 
the  strong  modulations  are  seen  in  the  first  interval, 
the  count  rate  actually  increased  during  the  second  in¬ 
terval.  Fourth,  the  modulation  extended  over  a  wider 
energy  range  in  zone  2  at  a  larger  pitch  angle  than  for 
the  other  two  zones. 

This  is  a  general  characteristic  of  the  phenomenon 
that  seems  to  indicate  a  pitch  angle  variation  in  the 
energy  range  over  which  the  electrons  are  modulated. 


Figure  6.  To-scale  representation  of  trajectories  for 
electrons  emitted  at  the  center  of  the  FPEG  beam  on 
August  4,  1992,  at  0620  UT. 
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Figure  7.  Detailed  ACFs  and  FFTs  for  ESA  A’s  11.4  eV  channel  in  zones  2,  5,  and  8  acquired 
near  0620:06  UT  on  Julian  day  217. 


Care  must  be  exercised  in  drawing  conclusions  from  this 
fact  since  this  trend  also  follows  a  variation  in  the  count 
rate  with  pitch  angle  for  energies  above  100  eV. 

The  last  point  is  illustrated  in  Figure  8  where  we 
have  plotted  the  differential  number  flux  for  the  cen¬ 
tral  time  of  the  first  interval  for  each  of  the  three  zones. 
Ojie  can  see  that  the  flux  level  in  zone  2,  at  energies 
above  60  eV,  is  generally  more  than  an  order  of  magni¬ 
tude  larger  than  that  for  the  other  two  spectra.  In  all 
four  aucdyzed  inter  veils  the  count  rate  at  energies  above 
--100  eV  increases  with  pitch  angles  toweird  90®.  We 
were  able  to  find  no  cases  where  the  variation  in  the 
energy  range  with  pitch  angle  did  not  follow  the  vari¬ 
ation  in  count  rate  with  pitch  angle.  Despite  this,  it 
is  also  clear  that  the  observation  of  the  modulation  is 


not  purely  a  matter  of  count  rate.  As  we  have  shown, 
the  modulation  is  generally  not  observed  in  the  lowest- 
energy  channels  of  SPREE  even  when  the  count  rate 
in  these  channels  is  higher  than  for  channels  at  higher 
energies  where  the  modulation  is  observed.  Similarly, 
within  the  same  event,  modulations  of  equal  intensity 
and  at  the  saane  energy  can  be  seen  for  quite  differ¬ 
ent  count- rate  levels.  This  is  illustrated  in  Figure  9 
where  the  electron  spectra  are  plotted  at  06:20:05  and 
06:20:044  UT  in  zone  2  as  well  as  the  AGFs  and  FFTs  at 
55  eV.  The  two  ACFs  aire  seen  to  be. comparable  in  their 
depth  of  modulation  and  in  the  amplitude  of  the  FFTs. 
The  level  of  the  differential  number  flux,  however,  and 
hence  the  count  rates  are  seen  to  be  significantly  lower 
for  the  later  interval. 
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Figure  8.  Dixectioucd  differential  fluxes  measured  in  ESA  A  zones  2,  5,  and  8  (left  to  right)  at 
0620:05  UT  on  Julian  day  217, 
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Plate  4.  Directional  differential  fluaces  of  electrons  with  energies  between  10  eV  and  10  keV 
measured  in  zone  2.  The  rotary  angle,  pitch  angle,  and  ram  angle  information  are  in  the  same 
format  as  Plate  1. 
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Plate  5.  FFTs  measured  by  ESA  A  zones  (top)  2,  (middle)  5,  and  (bottom)  8,  near  (left)  0620:06 
and  (right)  0620:10  UT,  in  the  same  format  as  Plate  2. 
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Figure  9.  Directional  differential  flux  (top  panel)  mea¬ 
sured  in  ESA  A  zone  2,  at  0620:05  and  0620:44  UT  on 
Julian  day  217.  The  bottom  panels  contain  ACFs  and 
FFTs  for  the  55-eV  channel. 


Summary  and  Discussion 

A  survey  of  HF  measurements  during  the  TSS  1  mis¬ 
sion  identifled  four  intervals  of  FPEG  emissions  during 
which  SPACE  detected  electron  fluxes  that  were  modu¬ 
lated  at  megahertz  frequencies.  Two  occurred  with  the 
shuttle  in  sunlight,  two  in  darkness.  All  happened  while 
FPEG  emitted  beam  electrons  at  pitch  angles  close  to 
90®.  When  FPEG  emitted  electrons  at  pitch  angles  sig¬ 
nificantly  different  from  90®,  HF  modulations  were  not 
observed.  This  is  consistent  with  the  simulation  results 
of  Priicheii  [1991]  showing  upper  hybrid  waves  inside  of 
the  beam  cylinder  and  broadband  low  frequency  waves 
outside  of  it.  During  the  Spacelab  2  mission  wave  sen¬ 
sors  on  the  remote  flying  plasma  diagnostics  payload 
detected  upper  hybrid  emissions  only  when  they  were 
close  to  the  guiding  center  field  line  of  beam  electrons 
emitted  from  shuttle  [Gumeii  ei  aL,  1988]. 

In  the  first  event  (day  216,  2008:29  -  2009:36  UT) 
the  magnetic  field  was  nearly  parallel  to  the  shuttle’s 
long  axis  (— direction).  At  times  of  FPEG  turn¬ 
on,  SPREE  detected  enhanced  fluxes  of  beam  related 
electrons.  At  energies  <200  eV,  electron  distribution 
functions  monotonicaHy  decreased  with  increasing  en¬ 
ergy  or  peaked  at  energies  <50  eV.  When  either  ESA 
looked  out  over  the  shuttle’s  left  wing,  returning  beam 
electrons  were  observed. 

Wave  activity  was  sampled  in  zones  1,  4,  and  7  near 
2008:34  UT  and  in  zones  3,  6,  and  9  one  minute  later. 


Electrons  reaching  any  of  SP REE’s  zones  while  the  de¬ 
tector  looked  over  the  left  wing  had  pitch  angles  near 
90®.  In  the  lower  numbered  zones  (1,  3,  4),  SPACE 
measurements  indicate  that  electron  fluxes  in  the  400- 
to  1180-eV  range  were  modulated  at  frequencies  of ---3 
and  3.9  MHz.  When  detected  at  lower  energies,  mod¬ 
ulations  were  generally  at  -^3.3  MHz.  In  the  higher- 
numbered  zones,  SPACE  detected  modulations  only  in 
low-energy  electron  channels. 

During  the  second  event  (day  217,  0620:02  -  0620:45 
UT)  the  magnetic  field  was  nearly  perpendicular  to  the 
payload  bay  floor.  SPREE  generally  detected  mono- 
tonically  decreasing  electron  fluxes  over  the  10  eV  to 
1.5  keV  range.  The  range  of  pitch  angles  sampled  by 
SPACE  in  zones  2,  5,  and  8  extended  from  70®  to  14®. 
In  all  three  zones  the  most  intense  modulations  were 
at  frequencies  of  ^3  MHz.  In  zone  2,  with  pitch  an¬ 
gles  of  70°,  the  modulations  were  detected  in  channels 
sampling  electrons  with  energies  of  a  few  hundred  eV. 
In  zones  5  and  8  (pitch  angles  of  41®  and  14®)  electron 
flux  modulations  were  confined  to  the  11  -  18  eV  chan¬ 
nels.  At  low  energies  the  modulations  were  observed  at 
frequencies  down  to  2  MHz. 

In  general,  wave-particle  interactions  in  a  plasma  fall 
into  the  categories  of  resonant  and  nonresonant.  In  res¬ 
onant  interactions  the  phase  between  the  electric  field  of 
the  wave  and  the  particle  motion  is  stationary.  For  mag¬ 
netized  electrons  the  resonance  condition  is  expressed 

^  “  ^IPII  “5-  =  0  (1) 

where  a;  and  Hce  are  the  angular  wave  frequency  and  the 
electron  gyrofrequency,  hjj  and  Ujj  represent  the  compo¬ 
nents  of  the  wave  vector  and  the  electron  velocity  along 
the  magnetic  field,  and  n  is  an  integer,  harmonic  num¬ 
ber.  The  case  n  =  0  represents  the  Landau  resonance. 
Electrons  that  satisfy  a  resonance  condition  tend  to  be¬ 
come  bunched  as  they  entrain  in  a  propagating  wave, 
SPACE  only  detects  bunched  electrons.  Nonresonant 
interactions  do  not  satisfy  (l),  and  any  small- amplitude 
bunchings  they  produce  fall  below  the  SPACE’S  level  of 
sensitivity.  There  are  two  classes  of  resonant  electron 
distributions,  those  that  amplify  and  those  that  damp 
a  given  wave  mode.  Amplifying  electron  distributions 
have  free  energy  that  can  be  transferred  to  the  wave. 
Damping  electron  distributions  extract  kinetic  energy 
at  the  expense  of  the  wave  fields.  To  see  how  these 
general  principles  apply  to  the  SPREE/SPACE  mea¬ 
surements,  it  is  useful  to  consider  the  physical  circum¬ 
stances  under  which  the  measurements  were  made. 

Hardy  ei  ai  [1995]  analyzed  electron  distributions 
measured  by  SPREE  during  the  period  of  FPEG  emis¬ 
sions  shown  in  Plate  1.  While  facing  toward  the  shut¬ 
tle’s  left  wing  (— y  direction),  ESA  B  observed  intense 
fluxes  of  beam  electrons  that  propagated  to  SPREE  in 
less  than  a  gyroperiod.  Beam  spreading  and  scattering, 
perhaps  by  a  virtual  cathode  near  FPEG’s  aperture, 
are  required  for  these  electrons  to  reach  the  location  of 
SPREE  [Hardy  ei  a/.,  1995].  The  most  intense  fluxes 
of  beam  electrons  were  detected  in  zone  0.  Fluxes  de¬ 
creased  rapidly  with  increasing  zone  number.  In  its  low- 
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numbered  zones,  ESA  B  measured  electron  distribution 
functions  that  had  strong  positive  slopes  [df/dv^  > 
0)  in  the  energy  range  from  several  hundred  eV  to  1 
keV  (Figure  4d),  For  ESA  A,  saturation  effects  only 
allow  measurements  of  election  distribution  functions 
near  beam  energy  in  ESA  A  zones  4  and  above.  The 
top  panel  of  Figure  4  shows  that  when  looking  in  the 
direction  of  -beam  return,  the  distribution  function  in 
zone  4  had  a  broad  plateau  {df/dvx  ~  0)  from  ^200 
eV  to  1  keV.  In  this  energy  range  SPACE  detected  elec¬ 
tron  flux  modulations  at  ^3.9  MHz.  The  critical,  em¬ 
pirical  point  is  that  there  exists  a  region  in  the  vicinity 
of  shuttle  in  which  electron  distribution  functions  have 
positive  slopes  and  are  the  most  likely  source  for  waves 
detected  by  SPACE. 

Within  a  small  fraction  of  a  second  after  beam  turn 
on,  a  population  of  warm  (10  -  200  eV)  electrons  appear 
at  SPREE.  Beam-generated  ionization  and  locally  en¬ 
hanced  heating  of  ionospheric  plaisma  are  the  probable 
sources.  Assessing  the  relative  contributions  to  electron 
heating  during  beam  emissions  by  lower  hybrid  waves 
[McBride  et  al.^  1972;  Papadopoulos^  1984]  and  by  the 
HF  waves  reported  here,  lies  beyond  the  scope  of  this 
observational  report.  Suffice  it  to  say  that  all  electron 
distributions  measured  by  SPREE  in  this  energy  range 
had  negative  slopes.  Thus  this  part  of  the  distribution 
is  responsible  for  wave  damping. 

At  the  times  of  the  two  excunples  presented  above, 
/ce  7^  0.81  and  0.77  MHz.  Electrons  with  energies  in 
the  zero-slope  part  of  the  distribution  function  were 
modulated  at  ~3.9  MHz.  Beam  electrons  with  pitch 
angles  near  90°  may  be  sources  of  upper  hybrid  or  elec¬ 
tron  cyclotron  harmonic  (ECH)  emissions  [Taiaronis 
and  Crawford^  1970a,  bj.  The  absence  of  low-harmonic 
ECH*  modulations  may  preclude  the  latter  interpreta¬ 
tion.  It  is  possible  that  an  electric  field  sensor  on  shuttle 
would  have  detected  such  beam-generated  waves.  This 
would  indicate  that  resonant  parts  of  the  electron  distri¬ 
bution  function  were  too  narrowly  spread  in  energy  to 
be  detected  by  SPREE/SPACE.  In  the  case  at  hand,  if 
3.9  MHz  is  the  upper-hybrid  frequency,  then  the  plasma 
frequency  is  3.78  MHz  and  the  local  plzisma  density 
is  1.75  X  10^.  For  low-energy  electrons  to  appear  as 
bunched,  they  must  see  the  upper  hybrid  waves  that 
are  Doppler  shifted  to  some  harmonic  of  /ce-  The  ob¬ 
served  modulations  of  3.3  MHz  are  close  to  the  fourth 
(n  =  —4)  cyclotron  harmonic.  Producing  such  a  fre¬ 
quency  downshift  requires  that  l:j|  and  Ujj  be  in  the  same 
direction  with  the  wave  overtaking  the  electrons. 

Although  other  scenarios  are  theoretically  possible, 
and  require  further  constraining  analyses,  we  present 
one  that  kinematically  describes  our  observations.  If 
the  central  pitch  angle  of  the  FPEG  beam  is  near  90°, 
beam  electrons  may  move  in  both  directions  (Figure 
2)  or  one  (Figure  6)  direction  along  the  magnetic  field, 
depending  on  its  orientation  with  respect  to  shuttle. 
Upper  hybrid  modulations  of  beam  electrons  are  seen 
when  they  directly  impact  SPREE.  Waves  generated  by 
nonimpacting  beam  electrons  propagate  in  the  warm 
plasma  both  away  from  and  back  toward  the  shuttle. 


Figure  10.  Summary  of  all  3  -  4  MHz  modulations 
with  electron  energy  plotted  against  pitch  angle.  Modu¬ 
lated  electrons  are  generally  those  with  parallel  velocity 
components  <3  x  10®  m  s~'^. 


Electrons  with  resonant  Vjj  are  overtaken  by  the  back 
propagating  waves,  Doppler  shifting  them  down  to  the 
nesurest  cyclotron  harmomc.  Resonant  electrons  reach¬ 
ing  SPREE/SPACE  appear  to  be  bunched  at  this  fre¬ 
quency.  Since  the  slope  of  the  distribution  is  negative, 
the  resultant  wave-particle  interaction  damps  the  wave 
and  increases  the  thermal  energy  of  the  warm  electron 
population.  Thus,  if  this  part  of  the  electron  distribu¬ 
tion  had  been  measured  further  from  the  upper-hybrid 
wave  source,  the  population  would  appear  warmer  and 
the  ECH  resonance  amplitude  weaker. 

In  the  megahertz  electron  modulations  reported  here 
there  is  clear  evidence  of  modulations  just  below  or  close 
to  the  beam  energy  as  well  as  over  a  wide  range  of 
lower  energies.  The  frequency  of  modulati^-n  observed  is 
close  to  that  observed  previously  with  artificial  beams, 
both  to  the  strong  waves  reported  during  Spacelab  1  by 
Mourenas  ei  ai  [1989]  at  the  haxmonics  of  the  electron 
gyrofrequency,  n/ce,  nearest  to  /uhr,  and  also  to  the 
beam  induced  wave  activity  observed  on  Echo  7  near 
fxihr  a.t  around  4.2  MHz  [Ginei  and  Emsimeper^  1991]. 

Of  particular  note  is  the  strong  confinement  of  our 
modulations  to  cases  where  the  FPEG  beam  has  a  pitch 
angle  within  a  few  degrees  of  90°.  Figure  10  shows 
a  summary  of  ail  megahertz  modulations  plotted  as  a 
function  of  electron  energy  and  pitch  angle.  Most  of 
the  measurements  have  maixiinum  energies  defined  by 
the  curve  in  Figure  10  corresponding  to  a  mcLximum 
parallel  velocity  of  3  x  10^  m  s“\  At  these  times  the 
parallel  velocity  component  of  the  beam  is  very  low  and 
waves  that  can  resonate  with  the  beam  electrons  will 
also  couple  well  with  lower-energy  electrons,  with  the 
wave  frequency  and  electron  parallel  velocity  satisfying 
equation  1  both  neax  to  the  beam  and  at  lower  ener¬ 
gies.  Figure  11  illustrates  this  expected  scenario.  Both 
the  electron  beam  and  the  lower-energy  thermal  elec¬ 
trons  are  within. the  same  shaded  region  of  Figure  11, 
corresponding  to  parallel  velocity  components: 


/zr 
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Figure  11,  Sckematic  showing  how  the  electron  beam 
at  90®  pitch  angle  shares  the  same  narrow  range  of  par¬ 
allel  velocities  as  the  bulk  of  the  thermal  electrons. 


|t;|[|  <  3  X  10^  m  (2) 

Figure  11  illustrates  how  beam  electrons  with  ->^90® 
pitch  angles  share  the  same  narrow  range  of  parallel 
velocities  as  the  bulk  of  the  thermal  electrons. 

The  megahertz  electron  modulations  reported  here 
are  also  close  to  the  frequencies  observed  to  be  mod¬ 
ulating  the  natural  auroral  electron  beam  over  auro¬ 
ral  arcs  [Gough  and  Urhan^  1983;  Gough  ei  a/,,  1990] 
and  to  the  frequency  of  the  associated  ground  based 
radio  wave  measurements  [Kellogg  and  Motlsoti^  1979, 
1984;  WeaiheTwaz  ei  aL,  1994].  This  suggests  that  ar¬ 
tificial  electron  beams  mimic  some  of  the  features  ob¬ 
served  in  the  natural  auroral  electron  beams  after  they 
evolved  adiabatically  for  sufficient  positive  df[v)/dvj_ 
to  develop  [Gough  ei  al.^  1990].  A  reffight  of  TSS  is 
presently  planned  as  a  14  day  mission.  There  should  be 
sufficient  time  after  the  deployment  phase  to  have  an 
extended  period  devoted  to  90®  FPEG  operations.  We 
thus  propose  that  ground-based  radio  measurements 
should  be  made  in  conjunction  with  this  reffight  mis¬ 
sion  when  the  beam  is  well  defined  and  its  modulation 
accurately  measured.  It  is  clear  &om  the  results  pre¬ 
sented  here  that  beam  pitch  angles  of  ^90®  and  dc  fir¬ 
ing  sequences  should  be  scheduled  for  overffights  of  any 
ground  sites.  These  should  occur  preferably  at  night 
when  ionospheric  absorption  would  be  at  a  minimum. 
Although  the  FPEG  emits  only  a  IOO-331A  beam,  its  ge¬ 
ometry  leads  to  narrow-band  modulations  that  should 
be  observable  on  the  ground. 
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Abstract.  We  report  on  measurements  by  the  Shuttle  Potential  and  Return 
Electron  Experiment  (SPREE),  acquired  during  a  period  of  the  Electrodynamic 
Tethered  Satellite  mission  when  the  fast  pulsed  electron  generator  (FPEG)  injected 
a  1-keV  electron  beam  nearly  perpendicular  to  the  Earth’s  magnetic  field.  Using 
muitiangular  electrostatic  anal3rzers  mormted  on  rotary  tables,  SPREE  was  capable 
of  determining  the  flux  of  electrons  and  ions  in  the  energy  range  from  10  eV  to  10 
keV  and  over  a  solid  angle  of  27r  sr.  SPREE  was  located  in  the  shuttle  bay  where 
it  could  observe  beam  electrons  after  they  had  completed  ~1  gyrocycle  when  fired 
nearly  perpendicular  to  the  local  magnetic  field.  For  the  case  presented  here,  the 
beam’s  intensity  decreased  from  ~100  mA  cm“^  at  FPEG’s  aperture  to  ~0.18  nA 
cm"^  at  the  location  of  SPREE.  The  spectrum  of  the  return  electrons  displays  a 
sharp  peak  at  the  beam  energy  with  an  intensity  at  the  peak  of  approximately 
2x10^°  electrons  cm~^  s~^  sr“L  The  distribution  of  the  electrons  around  the  peak 
has  a  half  width  of  several  hundred  eV,  with  observed  energies  as  high  as  1850  eV. 
For  energies  between  10  and  a  few  hundred  eV,  intense  fluxes  of  electrons  are  seen  at 
aJl  look  angles.  For  angles  where  the  beam  is  observ'ed  the  spectrum  in  this  energy 
range  has  a  power  law  shape.  At  angles  away  from  the  direction  of  beam  return, 
the  spectrum  in  this  energy  range  can  display  a  more  thermal  shape  with  a  peak  at 
energies  up  to  50  eV.  In  general,  the  flux  intensity  in  the  lower-energy  portion  of 
the  spectrum  is  isotropic  with  an  average  integral  flux  of  0.5  to  2  x  10^^  electrons 
cm“2  s~^  sr“L  Integrating  over  energy  and  pitch  angle  gives  number  densities  of 
~  5  X  10'‘  electrons  cm“^.  The  return  current  density  of  0.5  to  2nA  cm“-  s~^  sr“^ 
carried  by  this  isotropic  component  is  sufficient  to  bdance  that  emitted  by  FPEG 
and  keep  the  shuttle  at  a  low  potential.  We  find  that  both  scattering  and  spreading 
of  the  beam  near  FPEG  are  necessary  for  primary  electrons  to  reach  the  locations 
of  the  SPREE  detectors. 


Introduction 

A  large  body  of  literature  deals  with  beam  emissions 
from  spacecraft  in  the  ionosphere  and  with  the  special 
characteristics  of  the  shuttle’s  environment.  This  pa¬ 
per  considers  some  effects  of  electron  beam  emissions 
from  shuttle.  Recent  electron  beam-related  studies  di¬ 
vide  conveniently  into  two  broad  categories,  emphasiz¬ 
ing  either  observations  or  simulations  of  beam  interac¬ 
tions  with  the  space  environment,  with  the  host  vehi- 
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cle,  and  with  itself.  The  generation  of  waves  [Gumett 
et  aL,  1988;  Biish  ct  aL^  1987;  Abe  et  ai.^  1988;  Farrell 
et  aL^  1988;  Windder  et  al.^  1989;  Reeves  et  ai,  1988, 
1990],  the  heating  of  ambient  plasmas  [Amoldy  and  Pol¬ 
lock,  1985;  Windder  and  EricksoTt,  1990],  the  creation 
of  secondary  ionization  [5050^  et  aL,  1985;  Myers  et  cL, 
1989;  Gilchrist  et  aL,  1990;  Bvrke  et  aL^  1990],  and  the 
stimulation  of  optical  emissions  et  at,  1971;  Hal- 
linan  et  aL,  1978;  Banks  and  Raitt,  1988:  Windder  et 
oi.,  1989]  are  the  major  observed  environmental  effects. 
Spacecraft  charging  [Maehlum  et  al.,  1988],  sheath  gen¬ 
eration  [Denig  et  ai,  1991],  and  occasional  damage  to 
system  components  [Burke  et  aL,  1990]  are  observed 
beam  effects  on  host  vehicles.  There  are  few  observa¬ 
tions  of  beam  self-interactions.  Observations  of  primary 
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beam  fluxes  at  large  distances  from  the  point  of  emis¬ 
sion  [WinckLer,  1992;  Frank  et  ai,  1989]  indicate  beams 
maintain  some  coherence  over  long  distances. 

Computer  simulations  provide  insight  into  the  physics 
of  beam  self- interactions,  especially  in  the  immediate 
vicinity  of  the  emission  aperture.  As  computing  power 
has  increased,  these  simulations  have  evolved  from  one 
[Wingiee  and  Pritchett^  1987;  Borovsky^  1988]  to  two 
[Okixda  and  Bcrchem,  1988;  Wingiee  and  Pritcheit^  1988] 
and  three  [Pritchett^  1991]  dimensions  in  configuration 
space.  In  all  simulations,  electrons  upon  emission  ini¬ 
tially  slow  as  they  approach  a  stagnation  region.  In  the 
stagnation  region  some  electrons  are  reflected  toward 
the  host  vehicle,  while  the  rest  are  accelerated  away 
from  it.  The  fraction  of  particles  that  escape  depends  on 
the  ratio  of  the  beam  density  to  the  background  plasma 
density.  In  the  simulations  the  estimated  constraints  on 
beam  escape  relax  as  the  simulations  grow  in  sophisti¬ 
cation  [Pritchett,  1991].  As  simulated  timescales  and 
volumes  increase  and  as  effects  of  wave-plasma  inter¬ 
actions  are  included,  direct  comparisons  between  sim¬ 
ulation  predictions  and  spacecraft  observations  will  be¬ 
come  more  conclusive.  Previous  simulations  were  lim¬ 
ited  to  a  few  centimeters  of  the  emission  aperture. 

The  immediate  environment  of  the  shuttle  differs 
significantly  from  that  of  the  unperturbed  ionosphere 
through  which  it  moves.  Owing  to  outgassing,  the  shut¬ 
tle  can  carry  its  own  atmosphere  [Narcisi  et  aL,  1983]. 
Charge  exchange  between  coorbiting  shuttle-generated 
neutrals  and  ambient  ions  creates  a  relatively  energetic 
(several  eV)  ion  population  [Stone  et  ai,  1983;  Hunton 
and  Calo,  1985].  Through  modified  two-stream  inter¬ 
actions  these  ions  generate  lower  hybrid  waves  [Cairns, 
1990;  Cairns  and  Gumett,  1991a,  b|,  which  in  turn  heat 
ambient  electrons  [Tanaka  and  Papadopoulos,  1983]  in 
the  .vicinity  of  shuttle  [McMahon  et  ai,  1983].  This 
complex  environment  is  sporadically  modified  by  large 
quantities  of  neutral  gas  introduced  during  thruster  fir¬ 
ings  to  control  the  shuttle's  attitude  [WuLf  and  von 
Zahn,  1986;  Machuzak  et  ai,  1993]. 

This  paper  presents  detailed  measurements  of  pri¬ 
mary  beam  electrons  detected  in  close  proximity  to 
their  emission  aperture.  In  the  present  case,  beam  elec¬ 
trons  were  emitted  nearly  perpendicular  to  the  Earth^s 
magnetic  field  with  an  energy  of  ~1  keV.  The  beam 
was  emitted  from  the  fast  pulsed  electron  generator 
(FPEG)  during  the  tethered  satellite  shuttle  (TSS)  mis¬ 
sion  and  detected  after  less  than  a  full  gyrotum  by 
the  Shuttle  Potential  and  Return  Electron  Elxperiment 
(SPREE).  All  data  were  acquired  while  the  tethered 
satellite  was  stowed  in  the  shuttle's  payload  bay.  The 
remainder  of  the  paper  is  divided  into  three  parts  in 
which  we  describe  the  instrumentation,  present  two  ex¬ 
amples  of  single-tum  beam  measurements,  and  discuss 
their  implications  for  understanding  nearby  effects  of 
beam  emissions. 

Instrumentation 

The  SPREE  was  an  integral  part  of  the  TSS  1  flown 
in  the  payload  bay  of  the  shuttle  .Atlantis  during  the 


forty-sixth  flight  of  the  Space  Transportation  System 
(STS  46).  TSS  1  was  a  cooperative  mission  of  the  Na¬ 
tional  Aeronautics  and  Space  Administration  (NASA) 
and  the  Italian  Space  Agency  (ASI),  with  sensors  also 
supplied  by  the  United  States  .Air  Force.  Atlantis  flew 
(July  31  through  .August  7,  1992)  in  a  28.5®  inclination 
orbit  at  an  altitude  of  ^300  km.  The  scientific  objec¬ 
tive  of  the  mission  was  to  specify  the  electro  dynamic 
effects  of  deploying  and  retrieving  an  electrically  con¬ 
ducting  satellite  connected  to  the  shuttle  by  a  conduct¬ 
ing  tether.  Owing  to  the  orbital  motion  of  the  combined 
system  across  the  Earth's  magnetic  field  a  significant 
potential  drop  between  the  satellite  and  the  shuttle  was 
anticipated.  A  suite  of  instruments  to  monitor  and  con¬ 
trol  this  potential  diff'erencs  and  the  current  flowing  in 
the  tether,  called  the  shuttle  electrodynamic  tether  sys¬ 
tem  (SETS),  was  flown  in  the  payload  bay  [Banks  et 
at,,  1981;  Aguero  et  ai,  1994].  In  this  paper  we  are 
only  concerned  with  the  FPEG  component  of  SETS. 

Oberhardt  et  ai  (1993,  1994]  presented  a  detailed 
description  of  SPREE.  Briefly,  its  core  elements  are 
two  nested,  triquadraspherical  electrostatic  analyzers 
(ESAs)  that  simultaneously  measure  fluxes  of  electrons 
and  ions  with  energies  between  10  eV  and  10  keV  over 
a  100®  X  8.5®  angu_[ar  fan.  The  particle  spectra  were 
measured  at  rates  of  either  1  or  8  s“^  in  32  channels, 
logarithmically  spaced  in  energy.  In  parallel  with  its 
normal  counting,  SPREE  also  monitored  the  differences 
in  arrival  times  of  individual  electrons  in  selected  zones 
to  Identify  particle  bunching  signifying  resonant  wave- 
particie  interactions.  Results  of  correlation  measure¬ 
ments  during  FPEG  firings  are  discussed  by  Gough  et 
ai.  [19951-  The  100®  dimension  of  the  angular  fan  was 
divided  into  10  zones  of  10°  width,  designated  0  through 
9.  Ion  and  electron  spectra  are  measured  independently 
in  each  zone.  Zone  0  has  its  lower  edge  5®  below  par¬ 
allel  to  the  base  of  the  ESA  units,  while  zone  9  looks 
5®  beyond  shuttle  zenith.  Each  ESA  was  mounted  on  a 
rotary  table  that  turned  through  ISO^every  30  s.  The 
two  analyzers  and  rotary  tables,  designated  detectors 
A  and  B,  were  mounted  back  to  back  and  were  syn¬ 
chronized  so  that  both  ion  and  electron  spectra  were 
sampled  over  a  solid  angle  of  27r  sr  every  30  s.  To  as¬ 
sure  unsaturated  measurements  during  electron  beam 
operations,  the  geometric  factors  of  ESA  B  were  set  at 
'^lOO  times  smaller  than  those  for  ESA  A.  The  energy 
resolution  for  electron  channels  is  SE/E  ^  1%. 

The  FPEG  instrument  consists  of  a  flexible  electron 
beam  system  capable  of  generating  100  mA  in  either  DC 
or  pulsed  modes.  Beam  electrons  had  an  initial  energy 
of  ~1  keV  as  they  were  emitted  through  an  aperture 
of  0.56-cm  radius.  At  the  aperture  the  beam  had  a 
magnetically  controlled  divergence  of  7.5®  [Banks  and 
RaitL,  1988].  The  vector  magnetic  field  at  the  location 
of  shuttle  was  measured  once  each  second  by  a  three- 
axis  flux  gate  aspect  magnetometer  (A.MAG). 

Figure  1  schematically  represents  FPEG  and  SPREE 
mounted  on  the  mission  peculiar  equipment  support 
structure  (MPESS),  located  aft  of  the  TSS  1  satcilicc  in 
the  shuttle  bay  [Dobrowolny  and  Stone,  1994 j.  The  two 
instruments  are  aJmost  copianar  and  separated  by 
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Figure  1.  Schematic  representation  of  the  relative  po¬ 
sitions  of  SPREE  and  FPEG  on  TSS  1.  The  trajectories 
of  l-keV-beam  electrons  following  perturbed  (dashed 
line)  and  unperturbed  (solid  line)  orbits  in  the  Earth's 
magnetic  field  are  provided  for  illustration. 

m.  In  considering  beam-electron  trajectories,  we  adopt 
a  shuttle-based  coordinate  system  with  the  origin  at  the 
FPEG  aperture.  The  X,  Y,  and  Z  axes  are  positive  to¬ 
ward  shuttle's  nose,  right  wing,  and  nadir,  respectively. 
The  center  of  the  FPEG  beam  makes  an  angle  of  23°  in 
the  y,  Z  plane  above  the  Y  axis.  In  this  coordinate  sys¬ 
tem,  the  approximate  locations  of  apertures  for  SPREE 
ESAs  A  and  B  when  looking  over  the  shuttle's  left  wing 
are  (-0.113,  -1.311,  -0.140)  and  (-0.473,  -1.300,  -0.140) 
m,  respectively.  We  designate  the  fan  direction  angles 
for  the  aperture  of  ESA  .A  as  0°  when  it  faces  -  Y,  90° 
facing; -/-A,  and  180°  facing  ^rY.  The  look  direction  of 
ESA  B  rotates  from  180°  through  270°  when  facing  -A, 
to  360°. 

Observations 

We  report  on  SPREE  measurements  acquired  during 
two  periods  on  August  3,  1992  (Julian  day  216),  from 
2006:30  to  2011:35  UT  and  from  2006:46  to  2017:15 
UT.  During  these  events,  the  shuttle  was  in  darkness 
approaching  the  geographic  equator  from  the  south  at 
an  altitude  of  --300  km,  and  FPEG  was  operating  in 
its  DC  mode.  Although  electrons  with  beam  energies 
reached  both  SPREE  ESAs,  only  data  from  ESA  B  are 
presented.  Owing  to  its  larger  geometric  factor,  ESA  A 
was  in  saturation  while  facing  in  the  direction  of  elec¬ 
tron  beam  return.  Plate  1  shows  color  spectrograms 
of  electron  fluxes  measured  in  zones  0  and  2  of  ESA  B 
during  the  9Q-s  interval  from  2007:00  to  2008:30  UT. 
During  this  period  the  instrument  operated  in  the  fast 
sweep  mode  sampling  8  energy  spectra  s~L  In  Plate 
1  the  energy  range  of  the  instrument  is  plotted  on  the 
Y  axis,  and  time  on  the  K  axis.  Flux  intensities  are 
represented  by  color  in  units  of  electrons  cm^^  sr“^ 
eV”i.  Plate  1  is  annotated  at  30-s  intervals  with  UT 
and  the  rotary  fan  direction  angles.  .As  described  above, 


at  180°,  detector  B's  fan  pointed  toward  FPEG,  and  at 
360°  directly  away  from  it.  The  central  look  direction 
for  zone  0  is  parallel  to  the  MPESS  mounting  surface 
while  zone  2  is  centered  20°  up  in  elevation.  Below  the 
measurements,  Plate  1  indicates  the  look  direction  of 
the  sensor  apertures  with  respect  to  the  magnetic  field. 
The  ingoing  surface  normal  to  the  apertures  gives  the 
pitch  angles  of  the  measured  particles  for  the  two  zones. 
During  this  sequence  FPEG  operated  in  a  30  s  on,  15  s 
off  duty  cycle.  While  FPEG  was  off,  electron  flux  lev¬ 
els  were  below  the  detectoris  sensitivity  threshold.  We 
note  in  passing  that  measured  fluxes  of  pickup  ions  were 
significantly  enhanced  by  electron  beam  operations  and 
by  thruster  firings. 

Plate  1  illustrates  several  key  characteristics  of  this 
event.  First,  in  zone  0,  with  the  detection  fan  at  ro¬ 
tary  table  angles  of  --360°  and  FPEG  emitting,  SPREE 
measured  electron  spectra  that  were  sharply  peaked  at 
1  keV  for  pitch  angles  of  ^-90°.  We  postulate  that 
the  spectra  result  from  the  direct  return  of  the  beam 
electrons  to  the  shuttle  at  the  location  of  ESA  B  after 
they  have  executed  almost  a  full  gyrocycle  after  emis¬ 
sion  from  FPEG.  The  return  electrons  were  observed 
twice  in  the  interval,  as  the  rotary  table  swept  coward 
then  away  from  its  point  of  maximum  rotation.  Second, 
the  spectral  peak  at  1  keV  occurs  over  a  narrow  angular 
range.  We  estimate  that  the  angular  e.xtent  is  full 
width  at  half  maximum  (FWHM)  in  the  rotation  angle 
of  the  table.  This  is  in  fact  an  upper  bound,  since  this 
angular  width  is  less  than  the  8.5°  acceptance  angle  of 
the  detector.  The  angular  extent  is  somewhat  broader 
in  zonal  angle,  with  the  flux  at  1  keV  decreasing  by  only 
60%  in  the  10°  between  zones  0  and  1.  Third,  when 
the  1-keV  peak  is  observed,  intense  electron  fluxes  are 
seen  at  ail  energies  below  1  keV  measured  by  SPREE. 
While  the  electron  flux  at  the  peak  drops  off  at  higher 
elevation  zones,  below  a  few  hundred  eV  it  remains  ap¬ 
proximately  constant.  Fourth,  between  10  and  60  eV, 
intense  fluxes  were  seen  in  both  zones  all  rotation 
angles  while  FPEG  was  emitting.  This  electron  flux  is 
largest  when  the  i-keV  peak  was  detected,  but  slightly 
lower  when  the  zone  0  detector  fan  was  looking  toward 
FPEG,  probably  due  to  partial  shadowing  of  electron 
trajectories  by  the  SETS  structure. 

That  we  are  observing  directly  returning  beam  elec¬ 
trons  is  supported  in  Figure  2,  which  shows  an  accurate 
model  of  the  shuttle.  The  solid  line  represents  the  un¬ 
perturbed  trajectory  of  a  1-keV  electron  emitted  in  the 
center  of  the  FPEG  beam  at  2007:54  UT.  .At  this  time 
the  measured  magnetic  field  was  (-28,123,  -3281,  -3750) 
nT  in  the  shuttle  coordinate  system  described  above. 
We  note  that  the  center  of  the  beam  should  return  to 
the  left  side  of  shuttle  slightly  below  and  forward  of 
SPREE’S  location  in  the  shuttle  bay. 

Figures  3  and  4  provide  examples  of  the  differential 
number  flux  spectra  measured  during  the  period  of  in¬ 
terest.  Figure  3  contains  electron  spectra  detected  in 
the  5  even-numbered  zones  at  the  time  of  the  1-kcV 
flux  maximum  observed  in  zone  0.  .At  this  time  all  five 
zones  were  measuring  pitch  angles  close  to  90° .  The  fig¬ 
ure  shows  that  the  highest  intensity  of  1-keV  flux  was 
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Figure  2.  Scale  model  of  che  shuttle  showing  the  un¬ 
perturbed  trajectory  of  an  electron  emitted  in  the  center 
of  the  FPEG  beam. 


observed  in  zone  0  and  that  the  intensity  fell  sharply 
with  increasing  zone.  In  this  case  the  flux  at  1  keV 
is  2.8  X  10^^  electrons  s“^  sr“^  in  zone  0. 

6.14  X  10^  in  zone  2,  and  below  10®  in  zone  4.  The  figure 
also  shows  that  the  spread  in  energy  of  electrons  about 
the  1-keV  peak  is  much  broader  than  the  nominal  30- 
eV  thermal  spread  of  the  emitted  beam.  In  zone  0  the 
flux  increase  starts  in  the  671-eV  channel  with  measur¬ 
able  fluxes  continuing  through  the  1184-eV  channel.  .'\t 
lower  energies  the  maximum  flux  occurs  at  8.3  eV,  the 
lowest  energy  channel  of  SPREE,  with  values  as  high  as 
4  X  10^^  electrons  cm~^  eV~^.  For  the  lower- 


energy  electrons,  the  flux  generally  decreased  with  in¬ 
creasing  energy.  A  power  law  fit  to  this  portion  of  the 
differential  number  flux  spectrum  shows  that  the  flux 
varies  as  Note  that  while  the  flux  at  the  1-keV 

peak  decreases  sharply  with  increasing  zone  number, 
the  flux  in  the  lower-energy  portion  of  the  spectrum 
shows  little  if  any  variation.  As  a  result  the  integral 
number  flux  over  the  full  SPREE  energy  range  falls  from 
9-6  X  10^^  electrons  cm“^  sr“^  eV~^  in  zone  0  to 
only  ~2.4  x  10^^  electrons  cm”^  sr”*^  eV^^  in  zone 
2  and  ail  higher- numbered  zones.  The  integral  energy 
flux  varies  more  strongly  with  zone,  dropping  from  6.9 
X  10^^  keV  s”"^  sr~^  in  zone  0  to  between  5  and 
9  x  10^^  keV  in  zone  4  and  ail  higher 

zones.  Also  note  that  no  electron  spectral  peaks  oc¬ 
cur  at  low  energies,  as  would  be  expected  if  the  shuttle 
charged  positive  during  FPEG  operations.  We  conclude 
that  if  shuttle  charged  positive,  it  was  by  <9  V. 

Figure  4  shows  the  even-zone  electron  spectra  taken 
when  ESA  B  looked  '-^90°'  away  from  the  direction  of 
the  beam  return.  Here,  intense  fluxes  are  still  observed 
at  low  energies  with  the  highest  differential  number  flux 
in  the  10-  to  15-eV  channels.  The  maximum  fluxes  of  a 
few  times  10^^  electrons  cm”^  sr”^  eV“^  are  much 
lower  than  those  observed  near  the  direction  of  beam 
return.  At  low  energies  the  spectra  do  not  consistently 
follow  the  povrer  law  as  seen  near  the  return  beam  di¬ 
rection,  Rather  they  either  exhibit  power  law  shapes 
or  have  clear  peaks  in  che  energy  range  from  20  to  50 
eV.  The  peaked  spectra  are  not  well  fit  by  Ma.xwel]ian 
distributions.  Despite  the  variation  in  spectral  shape 


Figure  3.  Directional  differential  fluxes  measured  in  the  even-numbered  zones  when  ESA  B 
faced  in  the  direction  of  maximum  beam  return. 
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Plate  1,  Directional  differencial  fluxes  of  energetic  electrons  measured  by  ESA  B,  zone  0  (top 
panel)  and  zone  2 ^bottom  panel)  near  2008  UT  in  an  energy— versus- time  spectrogram  format. 
The  angles  of  the  tan  direction  and  ot  the  detector  with  respect  to  the  Earth^s  magnetic  held  are 
indicated. 


over  ohe  zones,  the  integral  number  flux  of  the  spectra  Integrating  the  SPREE  measurements  over  energy 
varies  only  between  0.42  and  i.O  x  10^~  electrons  cm  ■'  and  solid  angle,  we  estimate  that  the  current  density 
s  sr  ,  and  the  integral  energy  flux  between  0./  and  for  the  returning  electron  beam  was  ”^18  nA  cm~“.  The 
2.3  X  10  keV  cm  s  sr  current  density  coming  from  the  more  isotropic,  iower- 
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Figure  4.  Directional  differential  fluxes  measured  in  the  even-numbered  zones  when  ESA  B 
faced  90°  away  from  the  direction  of  maximum  beam  return. 


energy  portion  of  the  spectrum  was  between  0.5  and  2 
fxA  cm“~.  Thus  the  low-energy  portion  of  the  spectrum 
supplies  the  majority  of  the  return  current  to  the  shuttle 
needed  to  balance  the  100  mA  emitted  by  FPEG.  For 
an  average  return  current  from  the  low-energy  electrons 
of  1  fiA  cm""^  a  conducting  surface  area  of  only  10  m^ 
is  needed.  Approximately  this  amount  of  conducting 
surface  is  available  near  the  SPREE  instruments. 

The  number  density  of  the  two  components  was  also 
estimated  from  the  SPREE  measurements.  For  the 
high-energy  beam  component  we  calculate  a  density  of 
^18  electrons  cm"^.  The  low-energy  component  den¬ 
sity  is  between  10"^  and  5  x  10^  electrons  cm“^.  The 
smaller  of  these  low-energy  electron  densities  was  cal¬ 
culated  for  the  period  prior  to  2007:35  UT;  the  higher 
value  came  from  the  period  starting  at  2007:48  UT.  This 
difference  in  density  is  probably  an  effect  of  a  thruster 
firing  which  altered  the  ambient  neutral  gas  density. 
The  key  point  to  note  is  that  at  the  location  of  SPREE 
the  density  of  low-energy  electrons  greatly  exceeds  that 
of  the  beam  particles,  and  is  comparable  to  the  iono¬ 
spheric  densities  expected  near  the  shuttle's  location. 

Tbible  1.  Beam  Return  Characteristics 


Between  2006:30  and  2011:35  UT,  there  were  a  to¬ 
tal  of  eight  DC  pulses  of  35-s-  duration  in  which  the 
same  general  behavior  was  observed.  During  four  of 
these  pulses,  the  orientation  of  SPREE  was  such  that 
intense  returns  of  beam  electrons  were  measured.  In 
total,  six  measurements  were  made  of  the  peak  return 
flux  at  ~1  keV.  Over  the  entire  interval,  the  pitch  an¬ 
gle  at  the  center  of  the  FPEG  emission  varied  from 
91°  to  85.3°,  Table  1  lists  the  characteristics  of  the 
1-keV  fluxes  for  each  of  the  six  obserpitions.  Column 
1  gives  the  time  of  each  observation,  columns  2  and  3 
the  position  at  which  beam  electrons  from  the  center 
of  the  FPEG  emission  following  unperturbed  trajecto¬ 
ries  would  cross  the  Y  =  —1.3  m  plane  containing  the 
SPREE  apertures,  column  4  the  pitch  angle  for  the  cen¬ 
ter  of  the  FPEG  emission,  and  column  5  the  peak  in¬ 
tegral  number  flux  over  the  energy  range  from  380  eV 
to  1850  eV.  One  can  see  that  over  the  interval  che  cen¬ 
ter  of  Che  unperturbed  beam  would  have  moved  from 
a  position  '^1.3  m  forward  of  the  SPREE  location  to  a 
position  1.71  m  aft  and  from  0.16  to  0.61  m  in  the  Z 
direction.  Despite  this  movement,  the  intensity  of  the 
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recurn  flux  was  relatively  unchanged.  At  1  keV  the  flux 
varied  between  1.46  and  2.37  x  10^^  electrons  cm“^  s“^ 
sr'~^  eV“^  with  an  average  value  of  2.11  x  10^^  electrons 
cm~^  s”^  eV“^  The  integral  number  flux  ranged 
between  5.91  and  9.00  x  10^^  electrons  cm""^  s“^ 
eV“^  with  an  average  value  of  7. 52x10^^  electrons  cm"^ 
s“^  sr~^  eV“^  There  is  no  falloff  In  these  values  with 
increasing  X  and  Z distances  from  the  SPREE  aperture. 
This  finding  indicates  that  the  intensity  of  the  beam  is 
relatively  uniform  over  a  spatial  extent  of  at  least  3  m 
at  the  plane  containing  the  SPREE  aperture  after  the 
electrons  have  executed  —I  gyrocum. 

By  the  onset  of  the  second  interval  at  2016:46  UT,  the 
shuttle’s  orientation  has  changed  such  that  the  FPEG 
was  emitting  at  pitch  angles  of  ^^70°.  Plate  2  is  an 
energy- versus- time  spectrogram  of  the  dilTerential  num¬ 
ber  flux  of  electrons  measured  in  zone  1  from  2016:30 
to  2018:00  UT.  During  this  interval  the  largest  differ¬ 
ential  number  flux  at  1  keV  was  measured  in  this  zone. 
The  figure  illustrates  that  even  for  this  relatively  large 
pitch  angle  for  FPEG  emission,  a  significant  flux  at  ap¬ 
proximately  1  keV  is  still  observed  when  the  SPREE 
is  sampling  at  pitch  angles  close  to  90°.  Tne  two  ob¬ 
servations  of  the  peak  1-keV  flux  are  listed  in  Table 
1.  The  1-keV  flux  and  the  integral  number  flux  have 
decreased  by  factors  of  about  6  and  3.3,  respectively, 
despite  the  fact  that  an  unperturbed  trajectory  for  elec¬ 
trons  at  the  center  of  the  FPEG  emission  should  have 
mapped  almost  6  m  tailward  of  the  SPREE  in  one  gyro- 
turn.  Again,  this  indicates  the  high  degree  of  spreading 
of  the  beam  that  must  be  occurring.  While  the  level  at 
1  kev  has  decreased  at  pitch  angles  of  90°,  the  fluxes 


at  low  energies  for  rotary  table  angles  away  from  the 
direction  of  beam  particle  return  are  still  comparable 
to  the  measurements  shown  in  Plate  1. 

We  examined  three  other  intervals  during  the  TSS  1 
mission  when  the  FPEG  was  operated  in  the  DC  mode 
at  beam  emission  pitch  angles  of  approximately  90°. 
In  these  three  cases  the  magnetic  field  direction  was 
approximately  out  of  the  shuttle  bay.  In  particular, 
all  three  events  have  approximately  the  same  spectral 
shape  and  range  in  density  for  the  isotropic  low-energy 
component  of  the  electrons. 

Summary  and  Discussion 

V/hile  the  shuttle  was  oriented  such  that  FPEG  fired 
almost  perpendicular  to  the  Earth’s  magnetic  field, 
SPREE  detected  part  of  the  beam  returning  after  the 
electrons  executed  almost  a  full  gyrocycle.  The  electron 
spectrum  is  strongly  peaked  at  1  keV.  Dectrons  were 
also  observed  with  energies  several  hundred  eV  above 
and  below  the  emitted  beam  energy.  Since  the  energy 
resolution  of  any  channel  ^EjE  is  7%,  the  observed 
spread  in  energy  cannot  be  purely  an  instrumental  ef¬ 
fect.  The  intensity  of  the  beam  electrons  decreased  from 
100  mA  cm“^  at  FPEG’s  aperture  to  18  nA  cm“^  at 
the  location  of  SPREE.  At  lower  energies  the  electron 
flux  is  nearly  isotropic7with  energy  spectra  that  either 
have  power  law  shapes  or  exhibit  peaks  between  20  and 
50  eV.  The  density  estimated  for  this  low-energy  com¬ 
ponent  varied  between  1  and  5  x  10"*  electrons  cm”^. 
The  return  current  provided  by  this  plasma  component 
is  sufficient  to  balance  the  100  mA  emitted  by  FPEG, 
and  to  maintain  low  shuttle  potentials. 


Plate  2.  Directional  chfferential  fluxes  measured  by  ESA  B  in  zone  1  near  2017  UT,  presented 
in  the  same  format  as  Plate  1. 
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The  remainder  of  this  section  is  divided  into  two  sub-  ^^2  cm.  If  we  assume  that  the  ambient  density  is  10^ 
sections.  The  first  discusses  the  kinematics  of  beam  cm"*^,  then  to  conserve  current  the  beam  radius  must 
electrons  and,  given  the  magnetic  field  configuration,  expand  from  0.56  cm  to  ~20  cm.  Thus  the  half-angle 
the  conditions  required  for  beam  electrons  to  reach  the  spread  about  the  center  of  the  beam  is  >80°.  If  the 
location  of  SPREE.  The  second  subsection  compares  beam  is  truly  charge  neutral,  then  the  distribution  of 
the  present  measurements  with  those  reported  from  pre-  electrons  must  be  uniform  throug.hout  this  cone.  How- 
vious  sounding  rocket  and  shuttle  flights,  concentrating  ever,  it  is  reasonable  to  expect  that  while  the  beam  flux 
on  the  observations  of  low-level  charging  of  the  shut-  is  cyiindricaily  symmetric  and  therefore  uniform  in  az- 
tie  during  FPEG  operations,  and  enhanced  fluxes  of  imuth  angle,  it  depends  strongly  on  the  colatitude  angle 
low-energy  electrons  indicating  heating  of  the  ambient  P  with  respect  to  the  center  of  the  beam.  We  assume 
ionospheric  population.  We  then  propose  a  qualitative  that  the  flux  F  has  a  power  law  functional  relation  to 
framework  for  understanding  shuttle-environment  in-  p  given  by  F{P)  =  Fo  cos'^(/?).  Regarding  F{P  =  7.5°) 
teractions  during  electron  beam  operations.  as  some  fraction  of  the  central  flux  Fo,  we  can  calcu¬ 

late  N,  Since  the  7.5°  half-angle  cone  represents  the 
Kinematics  of  Beam  Electrons  FWHM.,  then  F(7.5°)  =  0.5,  and  N  =  80.  For  this  case, 

F(/?  =  15°)  =  0.06  Fo,  and  F(/3  =  30°)  =  10”°  Fo. 

Data  shown  in  Plates  1  and  2  indicate  that  when  making  calculations  there  are  three  natural  coor- 

FPEG  emitted  at  pitch  angles  near  90°  some  beam  elec-  dinate  systems,  those  of  the  shuttle,  the  beam,  and  the 

trons  impacted  the  shuttle  near  the  location  of  SPREE,  magnetic  field.  Appropriate  transformations  between 

The  fluxes  measured  by  SPREE  are  most  intense  when  these  coordinate  systems  are  needed.  Consider  first  the 

the  ESAs  sampled  pitch  angles  almost  perpendicular  to  ^hose  centroid  is  23°  above  the  shuttie^s  right 

the  Earth^s  magnetic  field.  In  the  following  analysis  ^^g.  We  define  a  coordinate  system  (X^  Y\Z')  ob- 

we  concentrate  on  conditions  near  2007:58  UT  when  an  by  rotating  counterclockwise  23°  about  the  shut- 

intense  beam  return  was  measured  by  ESA  B  (Plate  ^  these  coordinates  the  center  of  the  beam 

1  and  Figure  3).  We  find  that  simple  considerations  is  emitted  along  the  Y'axis.  The  direction  of  any  beam 

of  electron  trajectories  cannot  account  for  the  observa-  electron's  initial  velocity  can  be  expressed  in  terms  of 
tions.  At  the  time  of  the  observations,  the  magnetic  angles,  which  we  designate  P  and  7.  Here,  p  is 

field  intensity  was  28,561  nT,  the  electron  gyroperiod  a  colatitude  angle  measured  from  the  Y'  axis.  The 

was  1.25  /xs  and  the  gyroradius  of  a  1-keV  (1.S6  x  10^  azimuth  angle  7  is  measured  from  the  Z'  axis  in  the 

m  s”^)  electron,  <3.72  m.  For  the  purpose  of  illus-  x\Z'  plane.  If  we  designate  the  speed  of  beam  elec- 

tration,  we  approximate  the  magnetic  field  as  being  in  trons  as  Vq,  the  velocity  of  electrons  in  the  (X',  Y',  Z') 

the  -X  direction.  Figure  1  contains  a  to-scale  sketch  of  coordinate  svstem  is 

an  electron's  trajectory  after  being  emitted  from  FPEG 
at  an  angle  of  23°  above  the  shuttle's  right  wing.  Al¬ 
lowing  only  for  gyromotion,  we  see  that  the  electron 
impacts  the  SPREE  mounting  bracket  below  the  detec¬ 
tors.  Figure  2  also  shows  that  at  2007:58  UT  the  center 

of  the  beam  cross^  the  pla^e  of  the  SPREE  detectors  coordinate  system  the  initial  velocity  vec- 

{Y  =  -1.3  m)  well  forwd  of  the  detectors.  In  fact 
all  electrons  emitted  within  the  nominal  cone  of  7.5 
about  the  beam^s  center  impact  the  SPREE  mounting 
bracket  or  th^  payload  bay  door.  None  should  reach  the 
apertures  of  either  ESA.  Using  the  real  magnetic  vector 
B  =  (-28,123,  -3281,  -3750)  nT,  we  find  that  electrons 

near  the  center  of  the  FPEG  beam  have  pitdi  angles  tit,  t  m  1 

of  -94°.  After  0.93  gyrotum  they  cross  the  Y  =  -1.3  the  shuttle's  frame  of  reference  the  ^rth  s  mag- 

m  plane  forward  of  ESA  A  by  1.5  m.  The  closest  any  constant  and  stationary  over  the  period  of  a 

electron  emitted  within  the  7.5°  beam  cone  should  get  gyration.  The  magnetic  field  can  be  rep- 

to  SPREE,  as  it  crosses  the  T  =  -1.3  m  plane,  is  0.45  standard  colatitude  and  azimuth 

m  forward  of  ESA  A’s  aperture.  angles  9  and  ©. 

We  first  investigated  whether  the  observations  could 
be  explained  by  the  beam  being  emitted  in  a  cyiindri-  cos<p 

caily  symmetric  cone  whose  angular  FWHM  is  7.5°.  sin  9  sin  4>  (3) 

Computer  simulations  indicate  that  such  a  beam  di-  L  cos^ 

vergence  might  arise  because  of  Coulomb  repulsion  as 

electrons  emerge  from  a  beam  generator  [Winglee  and  For  calculating  electron  trajectories  it  is  useful  to  define 

Pritchett,  1988).  The  spreading  takes  place  on  the  spa-  a  coordinate  system  (X",  Y",  Z*')  in  which  B  is  in  the 

tiai  scale  of  a  beam  Debye  length,  as  the  density  of  the  -X"  direction.  The  matrix  R  needed  to  accomplish 

beam  decreases  from  its  injection  value  to  that  of  the  this  transformation  and  its  inverse  R”'  are  given  in 

ambient  plasma.  For  a  1-keV,  100  mA  cm”^  beam,  the  Appendix  1.  The  initial  velocity  of  beam  electrons  in 

electron  density  is  10^  cm’^,  and  its  Debye  length  is  this  coordinate  system  is  obtained  by  =R  In 

/ss- 


'  y X  ]  r  sin  ^  cos  7 

Vy  =  VJ)  cos  23°  cos  /?  —  sin  23°  sin  P  sin  7 
.Vzl  L  -sin  23°  cos  jS  -  cos  23°  sin  P  cos  7 


[sin/?  cos  7 

Yy,  cos/?  (1) 

.  Yz' J  L— sin/?  sin 7. 
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this  system  the  velocity  of  a  beam  electron  as  a  function 
of  time  is 


Vx"l 

-^1  1 

Vyi/ 

= 

Vj_  cos  (Ht  -r 

Vz"  . 

.  —  V'xsin(nt  -r 

where  the  parallel  and  perpendicular  subscripts  indi¬ 
cate  electron  speeds  parallel  and  perpendicular  to  the 
magnetic  field  and  ^  represents  the  initial  phase  angle. 
Comparing  values  of  obtained  by  letting  R  operate 
on  (2)  with  the  representation  in  (4),  we  find  that 

Vjj  =  Vq  [cos  ^  (  cos  23°  sin  ,5  sin  7  —  sin  23°  cos /?) 
-r  sin^  9  cos  o  sin  4>  sin  P  cos  7 

(cos  23°  cos  P  -  sin  23°  sin  P  sin  7)]  (5) 

Since  Vjj  =  Vocosa,  (5)  allows  a  simple  determination  of 
the  pitch  angle  a  for  any  values  of  P  and  7.  Similarly, 
using  Vy"  obtained  by  letting  R  operate  on  (2)  with 
its  representation  in  (4)  allows  a  determination  of 
We  next  integrate  (4)  to  get  the  particle  trajectory  as 
a  function  of  time 


rx"- 

1^1  i  1 

r" 

= 

p[sin(nt  -f-  —  sin^] 

IZ". 

.p  [cos (fit  -r-  '5)  -  cos^']. 

where  p  represents  the  beam  electron  gyroradius.  The 
locations  of  beam  particles  in  shuttle  coordinates  are 
obtained  by  applying  the  inverse  transformation  X  = 
R-^X". 

We  have  solved  the  equations  of  motion  numeri¬ 
cally  for  a  large  class  of  initial  particle  emission  angles 
(/?,  7)  to  determine  the  (X,  Z)  where  they  crossed  the 
Y  =  — 1.3  m  plane.  The  results  of  this  analysis  are  sum¬ 
marized  in  the  form  of  a  map  in  Figure  5,  Here  we  have 
plotted  the  crossing  locations  for  particles  with  /?  =  0°, 
7.5°,  15°,  and  30°  in  increments  of  10°  in  7  from  0° 
to  360°,  The  (X,  Z)  locations  of  ESAs  A  and  B  are 
represented  symbolically  in  the  figure.  For  P  >  30°  the 
crossing  locations  move  further  away  from  the  ESAs, 
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Figure  5.  Maps  of  X,  Z  locations  where  beam  elec¬ 
trons  cross  the  Y  —  — 1,3-m  plane  for  p  =  0°,  7.5°,  15°, 
and  30°.  The  increments  of  7  are  10°.  Locations  of 
SPREE  detectors  A  and  B  are  indicated. 


Figure  5  uses  the  magnetic  field  measured  by  AM  AG 
and  shows  that  both  detectors  are  located  outside  of  all 
mapping  contours.  Our  calculations  demonstrate  that 
this  is  true  for  ail  values  of  p.  From  this  we  see  that 
with  the  existing  magnetic  field,  beam  electrons  follow¬ 
ing  unperturbed  orbits  cannot  reach  either  ESA. 

How  then  may  we  understand  the  fact  that  beam 
electrons  reach  both  SPREE  detectors  if  they  cannot 
do  so  following  unperturbed  orbits?  We  offer  a  qual¬ 
itative  explanation  based  on  published  results  of  com¬ 
puter  simulations  [Winglee  and  Pritchett,  1988;  Priick- 
eit,  19911.  ^  mentioned  above,  the  simulations  all  show 
that  as  beam  electrons  emerge  from  their  source,  they 
slow  down  as  they  approach  a  virtual  cathode.  Elec¬ 
trons  that  eventually  escape  are  able  to  penetrate  the 
region  of  negative  space  charge  and  accelerate  to  their 
initial  kinetic  energy.  During  the  transition  through 
the  virtual  cathode  the  velocities  and  gyroradii  of  beam 
electrons  decrease  relative  to  their  unperturbed  values. 
After  passing  through  the  space  charge  a  reacceleratcd 
electron  continues  in  a  gyroorbit  similar  to  its  unper¬ 
turbed  trajectory.  Figure  I  shows  that  the  effect  of 
passing  through  the  region  of  smaller  gyroradii  is  to 
shift  the  electron's  center  of  gyration  in  the  -Z  direc¬ 
tion.  This  in  turn  ^ifts  the  points  where  their  tra¬ 
jectories  cross  the  Y  =  -1.3  m  plane.  Relatively  small 
shifts  in  orbital  gyrocenters  bring  particles  with  P  >  15° 
and  7  250°  into  the  vicinity  of  the  SPREE  detec¬ 

tors.  The  relatively  small  variations  in  the  flux  of  1-keV 
electrons  measured  by  SPR£E  while  the  pitch  angle  of 
FPEG  emissions  changed,  suggests  that  electron  scat¬ 
tering  near  the  FPEG  aperture  is  quite  robiist, 

Comparison  With  Previous  Space  Flights 

SPREE  data  indicate  that  the  shuttle  charged  to  pos¬ 
itive  potentials  of  <9  V  during  DC  firings.  By  compari¬ 
son,  several  recent  sounding  rocket  fhgfats  carrying  elec¬ 
tron  beam  experiments  and  conductinglethered  probes 
returned  data  indicating  that  beam  firings  can  produce 
large  positive  potentials.  MAIMIK  emitted  an  8-keV 
electron  beam  with  currents  between  20  and  800  mA. 
At  the  higher  emitted  currents  the  emitting  payload 
charged  to  potentials  in  excess  of  the  beam's  energy 
[Maehium  et  aL,  1988].  The  CHARGE  2  rocket  emit¬ 
ted  a  1-keV  beam  with  currents  between  6  and  36  mA. 
Its  tethered  payloads  charged  to  significant  fractions  of 
the  beam  energy  [Myers  et  ai,  1989]  except  when  the 
attitude  control  system  (ACS)  eject^  large  quantities 
of  N2  into  the  local  environment.  Collected  return  cur¬ 
rents  increased  and  the  vehicle  potentials  decreased  to 
small  values  [Gilchrist  et  al.^  1990].  During  the  ECHO  7 
flight  the  beam-emitting  payload  charged  between  sev¬ 
eral  hundred  volts  and  >5  kV.  ACS  gas  releases  de¬ 
creased  charging  to  several  times  the  ionization  poten¬ 
tial  of  N2  [Burke  et  a/.,  1990]. 

Wc  suggest  two  possible  effects  that  contribute  to  the 
shuttle  potential  remaining  near  zero  during  DC  beam 
operations.  First,  the  total  conducting  area  of  the  shut¬ 
tle,  between  25  and  35  m^,  is  much  larger  than  that  of 
sounding  rockets.  For  such  a  collecting  area,  a  plasma 


/>?/ 


21,532 


HARDY  ET  AL,:  ELECTRON  BEAM  PROPAGATION  DURING  TSS  1 


density  of  ~1CP  is  sufficient  to  balance  the  output 

electron  current  of  100  mA  from  FPEG.  Such  a  density 
is  normal  at  shuttle  altitudes  during  daylight  portions 
of  its  orbit.  Under  nightside  conditions  the  ambient 
plasma  density  should  be  —10"*  cm'^,  too  low  to  bal¬ 
ance  the  FPEG  current.  Second  and  more  important, 
FPEG  firings  create  a  dense,  isotropic  electron  popu¬ 
lation  at  energies  up  to  ~I00  eV  which  is  sufficient  to 
balance  the  emitted  current.  The  data  suggest  that  fir¬ 
ings  at  pitch  angles  close  to  90®  produce  a  perturbed, 
cylindrical  volume  with  radial  dimension  of  the  order 
of  the  1-keV  electron  gyroradius.  Within  the  cylinder 
an  isotropic  population  of  low-energy  electrons  is  pro¬ 
duced.  This  isotropic  electron  population  has  a  density 
of  1  to  5  X  lO'^  cm"^  and  carries  a  return  current  to 
shuttle  of  0.5  to  1  /xA  sr*”^  Since  this  is  much 
higher  than  the  ambient  return  current,  a  conducting 
area  of  ~10  is  needed  to  balance  FPEG  emissions. 
This  is  an  upper  bound  on  the  required  conducting 
area,  since  we  have  not  included  the  contributions  of 
electrons  with  energies  below  the  lower-energy  limit  of 
SPREE  detection.  The  grounded,  conducting  thermal 
blanketing  near  SPREE  has  approximately  this  surface 
area.  The  large-scale  spreading  of  the  electron  beam 
suggested  by  our  saidy  indicates  that  the  region  of  the 
low-energy,  isotropic  fluxes  could  easily  extend  to  other 
conducting  areas  on  the  shuttle. 

Such  a  current  balance  picture  still  leaves  a  problem. 
If  electrons  within  the  cylindrical  volume  balance  the 
FPEG  current,  there  still  must  be  a  current  of  100  mA 
passing  from  the  ambient  plasma  into  the  cylinder  to 
maintain  charge  neutrality.  If  we  assume  that  the  cylin¬ 
der  has  the  dimension  of  a  1-keV  electron  gyroradius, 
the  ambient  plasma  density  is  10^  cm“^,  and  electrons 
are  transported  into  the  cylinder  at  approximately  their 
thermal  speeds,  then  the  cylinder  would  only  have  to  be 
--15  m  long  for  transport  across  the  surface  to  balance 
the  current  return  to  the  shuttle. 

There  also  remain  questions  regarding  the  processes 
that  create  the  low-energy  electrons.  There  are  sev¬ 
eral  empirical  constraints.  First,  the  intensity  of  the 
isotropic  component  is  approximately  the  same  in  the 
four  cases  examined,  even  though  two  were  in  sunlight 
and  two  in  darkness.  This  finding  implies  chat  the  cre¬ 
ation  of  this  population  does  not  depend  strongly  on 
the  initial,  ambient  plasma  density.  Second,  for  the  two 
night  cases  the  density  of  the  isotropic  component  was 
equal  to  or  exceeded  the  expected  ambient  plasma  den¬ 
sity.  Thus  the  creation  of  this  superthermal  population 
must  involve  the  ionization  and  subsequent  heating  of 
the  neutral  gas  near  the  shuttle.  Third,  an  explanatory 
model  must  account  for  fluxes  that  are  2  to  3  orders 
of  magnitude  larger  than  the  suprathermal  return  elec¬ 
trons  detected  by  Amoidy  et  ai  [1985]  on  the  beam- 
emitting  ECHO  5,  which  made  no  independent  mea¬ 
surements  of  the  vehicle  potential.  The  suprathermal 
electrons  measured  by  ECHO  5  were  accompanied  by 
a  population  of  ^0.5-keV  ions  that  had  been  acceler¬ 
ated  perpendicular  to  the  magnetic  field.  The  authors 


argue  that  these  accelerated  ions  play  a  significant  role 
in  the  plasma  processes  accompanying  beam  injection. 
No  accelerated  ions  were  detected  in  any  of  the  SPREE 
cases. 

It  is  also  possible  that  initially  different  local  en¬ 
vironments  of  the  shuttle  and  sounding  rockets  play 
significant  roles.  The  shuttle  moves  at  orbital  speeds 
of  --7.5  km  5*“^  almost  perpendicular  to  the  direc¬ 
tion  of  the  magnetic  field.  This  is  the  most  favor¬ 
able  relative  orientation  of  the  shuttle's  velocity  vec¬ 
tor  and  the  magnetic  field  for  generating  intense  lower 
hybrid  turbulence  [Cairns  and  Gumeit,  1991a].  These 
waves  grow  from  the  absorption  of  free  energy  contained 
in  ring  or  arc  distributions  of  pickup  ions,  created  in 
the  charge  exchange  interactions  [Caims  and  Gumett, 
1991a|.  Machuzak  et  ai,  [1993]  suggested  that  these 
lower  hybrid  waves  heat  ambient  electrons  and  are  re¬ 
sponsible  for  electron  high-energy  (<100  eV)  tails  de¬ 
tected  in  the  shuttle  bay  by  McMahon  et  ai  [1983]. 
Many  of  these  electrons  had  siifficient  energies  to  create 
secondary  ionization.  Sounding  rockets,  on  the  other 
hand,  have  relatively  small,  suborbital  velocities  across 
magnetic  field  lines.  Thus  even  in  the  presence  of  signifi¬ 
cant  outgassing  and  charge  exchange,  conditions  should 
stay  below  the  threshold  of  instability  for  generating 
lower  hybrid  waves  by  the  modified  two-stream  inter¬ 
action.  Without  lower  hybrid  waves,  the  thermal  ener¬ 
gies  of  ambient  electrons  remain  near  ionospheric  levels. 
Thus  at  beam  tum-on  the  initial  ionospheric  electron 
environment  of  shuttle  may  be  much  warmer  than  that 
of  a  sounding  rocket. 

After  beam  tum-on  a  wide  variety  of  wave  modes  are 
observed  in  the  vicinity  of  shuttle  [Gumett  et  aL,  1988] 
and  sounding  rockets  [Winckier  et  al.,  1989).  While  a 
detailed  examination  of  the  various  wave  modes  is  be¬ 
yond  the  scope  of  this  observational  paper,  we  note  chat 
their  free  energy  source  resides  either  directly  in  the 
beam  or  in  the  perturbed  local  plasma.  The  beam  af¬ 
fects  background  electrons  through  Coulomb  collisions 
and  Landau  damping  of  beam-generated  waves.  The 
ambient  plasma  may  be  perturbed  in  cwo  ways.  First, 
if  part  or  ail  of  the  beam  escapes,  then  a  return  cur¬ 
rent  carried  by  ambient  electrons  must  flow  away  from 
the  host  vehicle.  The  directed  energy  of  the  return 
current  electrons  is  mostly  along  the  magnetic  field. 
If  the  flow  speed  of  the  current  carriers  exceeds  vari¬ 
ous  critical  values,  the  plasma  becomes  unstable  to  the 
growth  of  ion  cyclotron  or  ion  acoustic  waves  [Kindel 
and  Kennel,  1971;  Feng  et  ai,  19921.  Second,  if  the 
beam  particles  are  not  space-charge  neutralized  along 
the  beam  trajectory,  ambient  ions  experience  irregular 
electric  field  stmctures.  In  crossing  such  space-charge 
structures,  nearby  ions  are  accelerated  and  follow  irreg¬ 
ular  orbits  [Winckier  and  Erickson^  1990].  In  the  accel¬ 
eration  region  they  develop  arc  distributions  which  are 
sources  of  enhanced  lower  hybrid  waves.  In  either  case 
the  waves  damp  through  their  interactions  with  local 
electrons,  further  heating  them.  It  appears  that  the  ini¬ 
tially  warmer  distribution  of  electrons  near  shuttle  than 
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near  sounding  rockets  may  provide  a  critical  difference 
for  producing  the  enhanced  suprathermal  electrons  de¬ 
tected  by  SPREE. 

Appendix 


For  simplicity  in  calculations  it  is  useful  to  transform 
the  measured  magnetic  held  into  a  coordinate  system 
in  which  the  magnetic  vector  is  in  the  —X"  direction. 
The  transformation  R  is  effected  by  two  rotations.  The 
first  is  through  an  angle  (<p  —  tt)  about  the  Z  axis.  The 
second  is  through  an  angle  of  (7r/2  —  about  the  inter¬ 
mediate  Y  axis.  In  this  coordinate  system  the  orbital 
calculations  are  very  simple.  The  results  may  then  be 
transformed  back  into  the  shuttle  frame  by  using  R“E 
The  rotation  matrix  and  its  inverse  are  given  by 


C— sin^  cos  9 
sin<p 

—cos  6  cos  <p 


—sin  ^  sin  0 
— cos^ 
—cos  0  sin  <p 


—sin  9  cos<p 
—sin9sin6 
-cos  9 


sin(p  — cos  Sees 

—COSO  — cos^sincp 
0  sin^  > 
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Abstract,  Coronal  mass  ejections  (CMEs)  involve  the  expulsion  of  significant 
amounts  of  mass  and  magnetic  flux  into  the  heliosphere,  a  process  which  implies 
an  unobserved  continuous  buildup  of  the  net  interplaiietary  magnetic  flux.  Some 
form  of  disconnection  of  the  flux  near  the  Sun,  either  directly  associated  with 
the  CME  or  occurring  elsewhere  in  the  corona,  appears  to  be  required  to  prevent 
this  buildup.  Field  line  reconnection  in  the  waJee  of  CMEs  is  also  a  fundamental 
aspect  of  some  types  of  magnetically  driven  eruptive  flare/CME  models.  However, 
to  date  there  have  been  very  few  reports  of  CMEs  which  exhibited  evidence  for 
disconnection,  despite  the  detection  of  several  thousand  CMEs  over  nearly  2  decades 
of  observations.  We  report  on  the  results  of  a  systematic  search  for  candidate 
magnetic  disconnection  features,  defined  as  transient  large-scale,  concave-outward 
bright  regions  usually  following  the  CME  leading  edge,  using  both  ground-based 
solar  eclipse  and  spacebome  coronagraph  data.  We  conclude  that  >  i0%  of  all 
CMEs  observed  in  the  corona  have  possible  disconnection  structures.  We  propose 
a  simple  classification  scheme  for  these  features  based  on  their  morphology.  The 
most  common  type  of  candidate  disconnection  feature  (65%  of  all  the  features)  had 
a  circular  or  ovoid  shape;  35%  of  the  features  consisted  of  concave-outward  partial 
arcs.  The  average  leading  edge  speed  and  latitudinal  span  of  these  CMEs  were 
slightly  less  than  those  of  typical  CMEs.  The  results  are  discussed  in  the  context  of 
recent  studies  of  magnetic  disconnection  and  reconnection  in  the  corona. 


1.  Introduction 

Solar  coronal  mass  ejections  (CMEs),  defined  as  ob¬ 
servable  changes  in  coronal  structures  occurring  on  time 
scales  of  minutes  to  hours  and  involving  new,  discrete 
bright  features  in  the  field  of  view  of  a  coronagraph 
[Sundhausen  ei  ai.,  1984],  have  been  an  important  field 
of  coronal  studies  since  Skylab.  CMEs  arc  of  inter¬ 
est  because  they  involve  discrete  injections  of  majgjg  and 
magnetic  fields  into  the  solar  wind.  The  most  energetic 
CMEs  are  associated  with  interplanetary  shock  waves 
and  are  geophysically  important  [Webb,  1993;  Gosling, 
1993]. 

The  basic  properties  of  the  CMEs  themselves  have 
been  determined  from  the  data  sets  compiled  from 
the  Skylab  [MacQueen  ei  oi.,  1974],  P78-1  SOLWIND 
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[Sheeley  ei  al.,  1980],  and  SMM  [MacQueen  ei  aL,  1980] 
orbiting  coxonagraphs.  Recent  reviews  by  EahZer  [1987, 
1992],  Earrison  [1991],  "prefei  [1992],  and  Sundhausen 
[1995]  discuss  the  general  properties  of  CMEs.  The  ba¬ 
sic  structure  of  maoiy  CMEs  has  been  determined  to 
consist  of  three  components:  a  bright  leading  edge,  fol¬ 
lowed  by  a  dark,  low-density  cavity  and  a  bright  core 
of  denser  prominence  material  [Sling  and  Sundhausen, 
1985;  Webb  and  Sundhausen,  1987], 

Both  observational  and  theoretical  efforts  to  under¬ 
stand  the  development  of  CMEs  have  concentrated  on 
the  early  phases  of  these  events.  Most  CME-reiated 
theory  has  been  directed  toward  understanding  the 
conditions  that  give  rise  to  CMEs  (see  recent  reviews 
by  Sieinolfson  [1991],  Low  [1993],  and  Dryer  [1994]. 
Less  effort  has  been  made  toward  understanding  how 
the  large-scale  magnetic  field  structures  opened  dur¬ 
ing  a  CME  evolve  after  the  CME  has  passed  through 
the  corona  into  the  heliosphere  [see  MacQueen,  1980; 
Kohler,  1987],  In  their  summary  of  Skylab  CMEs, 
Gosling  ei  al.  [1974]  found  that  the  CMEs  seemed  to 
retain  their  connection  to  the  sun  for  several  days  fol¬ 
lowing  the  passage  of  the  CME  itself.  The  Skylab  ob¬ 
servations  fostered  the  concept  that  CMEs  are  planar 
loop  structures  having  “legs.’’  However,  many  CMEs 
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do  not  show  a  simple  looplike  structure,  and  more  de¬ 
tailed  analyses  suggest  that  CMEs  have  a  more  three- 
dimensional  form  [W'ebh,  1988]. 

Atizct  and  Poland  [1979]  examined  the  changes  in  the 
“legs”  of  several  Skylab  CMEs  and  concluded  that  these 
structures  remain  visible  for  more  than  a  day,  iirst  dim¬ 
ming  then  brightening.  Recently,  Kahler  and  Eund- 
hausen  [1992]  studied  the  late  phase  of  16  SMM  CMEs 
and  concluded  that  the  bright  structures  following  many 
CMEs  can  be  more  plausibly  interpreted  as  the  tops 
of  helmet  streamers  which  trace  neutral  sheets  in  the 
corona.  Such  streamers  might  have  reformed  follow¬ 
ing  the  reconnection  of  coronal  fields  during  and  after 
the  CME.  An  outstanding  excimple  of  the  reformation 
of  a  large  helmet  streamer  as  observed  by  the  Yohkoh 
satellite  and  the  Mauna  Loa  K— coronameter  has  been 
reported  by  Hiei  ei  al.  [1993]. 

A  fundamental  question  concerning  magnetic  fields 
ejected  from  the  Sun  was  discussed  by  Go /d  [1962]  and 
subsequently  applied  to  CMEs  by  Gosling  [1975]  and 
MacQueen  [1980].  They  argued  that  the  continual  ejec¬ 
tion  of  such  magnetic  structures  from  the  Sun  should 
cause  the  net  magnetic  flux  permeating  the  interplan¬ 
etary  medium  to  increase  indefinitely.  Since  no  such 
buildup  is  observed,  the  paradox  could  be  resolved  by 
having  the  extended  CME  field  lines  pinch  off  and  dh- 
coimect,  forming  a  set  of  closed  loops  near  the  solar 
surface  and  an  outward  propagating  closed  magnetic 
structure  in  the  outer  corona.  The  CME  magnetic  flux 
would  then  be  convected  out  of  the  heliosphere  by  the 
solar  wind.  Recently,  McCojnas  ei  ai  [1992a]  have 
used  in-situ  measurements  at  1  AU  to  address  the  flux 
buildup  problem.  We  will  address  this  problem  further 
in  the  Discussion  section. 

Evidence  for  newly  closed  magnetic  loops  near  the  solar 
surface  following  CMEs  includes  X-ray  long-decay  events 
which,  as  they  cool,  become  visible  in  EUV,  Ihen  Ha 
[MacCombie  and  Rizst,  1979].  These  loops  exihibit  no 
motion,  appearing  to  cool  in  place.  Mass  is  convected 
upward  from  the  chromosphere  to  fill  the  newly 
reconnected  flux  tubes  [Forbes  et  aL^  19^9].  That  these 
X-ray  arcades  can  last  for  maoiy  hours  suggests  that  re¬ 
connection  must  continue  in  the  low  corona  long  after 
the  depairture  of  the  CME.  Nonthermal  emission  de¬ 
tected  at  hard  X-ray  and  radio  wavelengths  is  also  of¬ 
ten  observed  from  the  low-lying  arcades.  This  emission 
may  arise  from  electrons  accelerated  below  the  CME  at 
an  X-type  reconnection  point  or  current  sheet  [Oliver 
ei  oi.,  1986].  Another  class  of  coronal  activity  sugges¬ 
tive  of  disconnection  is  the  moving  metric  type  IV  radio 
event,  which  has  been  interpreted  as  emission  from  ac¬ 
celerated  particles  trapped  in  a  piasmoid  which  may  lie 
within  the  CME  [e.g.,  Kundu  ei  al.^  1989]. 

The  Kopjp  and  Pneuman  [1976]  model  explicitly  ad¬ 
dressed  the  magnetic  field  ■  configuration  in  the  late 
phase  of  eruptive  flares  and  featured  the  gradual  re¬ 
connection  of  field  lines  opened  by  some  unspecified 
process.  The  model  was  successful  in  explaining  the 
formation  of  new  loops,  the  kinematics  of  the  growth  of 
the  loops  and  separation  of  the  bright  footpoints,  and 


the  energy  release  pattern.  Since  then,  related  theo¬ 
retical  efforts  have  involved  modifications  to  the  basic 
model  and  have  continued  to  assume  a  key  role  for  re¬ 
connection  during  eruptive  events  [e.g.,  Forbes  ei  ai., 
1989;  cf.  Svesika  and  Oliver,  1992].  It  must  be  noted, 
however,  that  these  models  axe  intended  to  explain  the 
small-scale  “postflare”  loop  and  eruptive  prominence 
phenomena,  and  do  not  necessarily  apply  to  the  larger- 
scale  structures  involved  in  CMEs. 

Anzer  and  Pneuman  [1982]  were  among  the  first  to 
specifically  attempt  to  wed  the  postflare  loop  concept 
to  CMEs  in  general.  In  their  model,  field  lines  stretched 
open  during  the  eruption  of  a  prominence  and  its  sur¬ 
rounding  CME  reconnect  beneath  the  CME.  This  pro¬ 
cess  forms  a  magnetic  loop  system  over  the  magnetic 
inversion  line  at  the  surface  (the  long-duration  flare) 
and  an  upper  loop  system  disconnected  from  the  Sun 
(the  CME).  The  two  systems  are  connected  at  an  X- 
type  reconnection  point,  presumably  lying  just  above 
the  uppermost  flare  loop,  which  rises  as  the  system 
evolves.  More  recent  magnetically  driven  CME  models 
have  involved  numerical  simulations  of  a  sudden  release 
of  magnetic  energy  stored  and  built  up  in  the  corona. 
Mikic  and  Linker  [1994]  review  such  efforts  and,  in  par¬ 
ticular,  describe  the  dynamical  evolution  of  arcades  due 
to  sheatr  flows  in  the  photosphere.  Using  MHD  simula¬ 
tions  with  finite  resistivity,  they  find  that  when  a  criti¬ 
cal  shear  value  is  exceeded,  the  rising  arcade  field  lines 
open  forming  a  current  sheet.  Rapid  reconnection  at 
the  current  sheet  leads  to  fast  flows,  dissipation  of  mag¬ 
netic  energy,  and  the  ejection  of  a  piasmoid  (a  CME; 
see  their  Figure  6). 

Other  simulations  [e.g.,  Forbes,  1990]  imply  that  re¬ 
connection  in  the  current  sheet  below  a  filament  or 
flux  rope  may  occur  very  rapidly,  ejecting  the  filament. 
The  rising  flux  rope  creates  flows  which  tend  to  stretch 
the  current  sheet  until  it  becomes  thin  enough  to  un¬ 
dergo  rapid  reconnection.  X-ray  images  obtained  from 
Yohkoh  of  an  eruptive  limb  event  on  December  2,  1991 
have  been  interpreted  as  evidence  of  such  rapid  re¬ 
connection  (P.  MaricTis,  private  communication,  1993). 
The  images  appear  to  show  the  ejection  of  a  piasmoid 
in  association  with  a  two-ribbon  flare.  Martens  has 
compared  this  observed  structure  with  modeled  field 
lines  derived  from  the  Martens  and  Kuin  [1989]  circuit 
model.  That  model  uses  a  current  filament  added  to 
a  background  field  of  line-dipoles  to  represent  the  evo¬ 
lution  of  a  flux  rope.  The  excellent  agreement  of  the 
model  field  with  the  Yohkoh  images  of  this  event,  in¬ 
cluding  an  observed  vertical  structure  with  a  long  cur¬ 
rent  sheet,  lends  support  to  the  postfiare/ piasmoid  sce¬ 
nario. 

Assuming  that  the  coronal  plasma  outlines  magnetic 
fieid  structures,  one  signature  of  the  upper  disconnec¬ 
tion  process  in  the  low  or  middle  corona  would  be  an 
outward  moving  circular  or  ovoid  “piasmoid.”  Figures 
1  and  2  show  some  examples  of  such  features  as  they 
might  appear  within  a  few  solar  radii  of  the  solar  limb. 
Figure  la  shows  a  broad,  circular-shaped  CME  wherein 
the  contrast  across  a  bright  band  (denser-than-ambient) 
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Figttte  1.  Schematic  showing  the  evolution  of  a  large, 
loop^c  CME  exhibiting  signatures  of  magnetic  discon¬ 
nection  in  the  low  or  middle  corona  as  it  might  appear 
within  a  few  solar  radii  of  the  solar  limb.  Solid  lines 
outline  bright,  denser  plasma  regions,  and  dashed  lines 
suggest  the  direction  of  the  constraining  magnetic  field 
lines,  (a)  An  early  phase  in  which  the  contrast  across 
a  bright  band  below  a  dark  interior  void  region  sug¬ 
gests  an  outward-curved  disconnected  structure,  (b) 
The  base  of  such  a  feature  as  it  might  appear  farther 
out  in  the  corona  or  late  in  the  event.  In  terms  of 
our  morphological  dassiheation,  Figure  la  cxemplihes 
a  class  1  DE  which  is  circular  or  ovoid-shaped  and  can 
have  a  darker,  circular  interior  void.  An  inner  bright 
ring  structure,  often  prominence  material,  may  occa¬ 
sionally  appear  within  the  darker  interior.  Figure  lb 
represents  a  class  2a  feature,  a  large  broad  arc  curved 
concave-outward  from  the  Sun  such  as  in  the  I&H  event. 
Also  drawn  is  the  possible  interconnection  between  the 
large-scale,  rising  plasmoid  structure  and  smaller-scale 
reconnecting  loops  near  the  surface.  The  figure  is  not 
to  scale,  and  these  lower  structures  might  be  obscured 
by  the  occulting  disk  of  a  coronagraph. 


below  a  darker  interior  void  region  suggests  an  outward- 
curved  disconnected  structure.  Such  a  configuration  is 
similar  to  the  familiar  “three-part”  CME,  which  is  sug¬ 
gestive  of  the  liftoff  of  pre-existing  prominence  and  its 
surrounding  coronal  cavity.  Farther  out  in  the  corona  or 
late  in  the  event,  only  the  base  of  such  a  feature  might 
be  visible  (e.g.,  in  the  field  of  view  of  a  coronagraph) 
or  it  might  not  be  obviously  connected  to  the  leading 
edge  such  that  only  the  outward  arc  appears  (Figure 
lb).  The  vertical  elongated  structures  shown  beneath 
the  arcs  in  Figures  lb  and  2b  represent  extended  neu¬ 
tral  sheets.  Many  CMEs  arise  in  pre-existing  stream¬ 
ers  [Sundhausenj  1993];  the  evolution  of  a  disconnected 
piasmoid/CME  ejected  through  a  streamer  might  ap¬ 
pear  as  in  Figure  2.  Since  the  widths  of  streamers  and 
CMEs  range  over  many  tens  of  degrees,  we  might  ex¬ 
pect  the  widths  of  disconnection  structures  to  have  a 
similai  range,  as  shown  in  these  figures. 

We  note  that  these  pictures  are  meant  to  represent 
sketches  of  possible  disconnection  structures  that  might 
be  viewed  by  coronagraphs.  Coronagxaphs  measure  the 
coronal  density  via  Thomson-scattered  emission,  which 
peaks  near  the  plane  of  the  sky.  Thus  these  features 


are  two-dimensional  projections  in  the  plane  of  sky  of 
the  actual  structures.  The  appearance  of  these  struc¬ 
tures  will  depend  on  the  line  of  sight,  especially  if  the 
CME  outlines  an  extended  arcade  of  erupting  loops.  In 
addition,  in  three  dimensions,  reconnection  might  not 
lead  to  completely  disconnected  field  lines.  An  erupt- 
mg  helical  fiux  rope  emerging  from  the  photosphere 
might  remain  connected  at  its  endpoints  and  not  be 
topologically  completely  disconnected,  at  least  until  a 
later  phase.  Gosling  [1993]  has  recently  sketched  such 
a  model  of  flux  rope  formation  and  ejection  as  a  CME. 

Despite  2  decades  of  coronagraph  observations,  there 
have  been  only  a  few  reports  to  date  of  apparently  de¬ 
tached  structures  in  the  corona  similar  to  those  sketched 
in  Figures  1  and  2  that  might  signify  magnetic  dis¬ 
connection  in  CMEs.  The  dearth  of  such  observations 
may  result,  at  least  in  part,  from  the  lack  of  a  system¬ 
atic  survey  of  the  later  phase  of  CME  evolution  in  the 
corona.  In  this  paper  we  report  on  the  results  of  this 
kind  of  search  for  discoimection  events,  making  Tise  of 
both  ground-based  solar  eclipse  observations  and  space- 
borne  coronagraph  data.  The  preliminary  results  of  this 
study  were  reported  by  Wehh  and  Oliver  [1989]. 

Note  that  in  the  highly  conducting  corona  the  plasma 
is  expected  to  approximately  outline  the  magnetic  field, 
as  we  have  indicated  in  Figures  1  and  2.  However,  we 
cannot  observe  the  field  lines  directly,  but  can  only  in¬ 
fer  their  topology  [e.g.,  Tiling  and  Hundhausen,  1983]. 
Therefore  hereafter,  the  term  “disconnection  event  or 
structure*’  is  meant  to  imply  not  the  definitive  identi¬ 
fication  of  such  a  magnetic  structure  but  only  a  “can¬ 
didate”  disconnection  event  or  structure.  We  use  the 
term  “disconnection”  to  denote  the  large-scale  (tens  of 


Figure  2.  (a)  The  possible  evolution  of  a  narrow,  dis¬ 
connected  plasmoid-type  CME  being  ejected  through  a 
pre-existing  streamer,  within  which  CMEs  often  arise, 
(b)  The  base  of  such  a  feature  as  it  might  appear  far¬ 
ther  out  in  the  corona  or  late  in  the  event.  According  to 
oui  classification  scheme,  Figure  2a  exemplifies  a  small, 
oval  class  1  DE  with  a  darker,  circular  interior  void, 
and  Figure  2b  a  class  2b  small,  partial  outward-curved 
arc.  The  rising  plasmoid  and  expected  smaller-scale  re¬ 
connecting  loops  near  the  surface  are  shown  connected 
by  a  thin  neutral  sheet,  which  might  later  appear  as  an 
isolated  bright  ray. 
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degrees)  detachment  of  a  magnetic  structure  from  the 
sun,  and  the  term  ‘‘reconnection”  to  describe  the  phys¬ 
ical  process  of  reforming  closed  loops  from  held  lines 
opened  during  a  CME.  The  latter  process  operates  over 
smaller  size  scales  of  a  few  degrees  and  is  descriptive  of 
the  posthare  phenomenon  near  the  surface. 

In  section  2  we  review  the  observational  evidence 
for  large-scale  magnetic  disconnection  associated  with 
CMEs  that  has  appeared  previously  in  the  literature.  In 
section  3  we  present  the  results  of  our  examination  of 
images  obtained  during  total  solar  eclipses  and  by  orbit¬ 
ing  coronagraphs.  Individual  events  exhibiting  discon¬ 
nection  characteristics  are  displayed  and  summarized  in 
tables,  and  a  morphological  classification  scheme  is  pre¬ 
sented.  We  conclude  with  a  summary  and  a  discussion 
of  our  results  in  terms  of  other  recent  studies  related  to 
this  topic. 

2.  Previous  Observational  Evidence  of 
Magnetic  Disconnection  Events 

Several  types  of  transient  features  which  suggest  closed 
magnetic  structures,  either  disconnected  fields  (plas- 
moids)  or  magnetic  loops  that  remain  connected  to 
the  Sun  {“bottles”),  have  been  identified  in  the  inter¬ 
planetary  medium  [see  Kohler,  1987-,  Gosling,  1990; 
Webb,  1993].  These  include  magnetic  clouds  [Klein  and 
Burlaga,  1982;  Zhang  and  Burlaga,  1988]  and  observa¬ 
tions  of  counterstreaming  electrons  [Gosling  ei  oZ,,  1987; 
Phillips  ei  aL,  1992]  and  protons  [Marsden  ei  al.,  1987; 
Richardson  and  Reames,  1993]. 

Each  of  the  above  features  has  been  suggested  as  a 
signature  of  CMEs  in  the  interplanetary  medium,  but 
the  uniqueness  of  these  signatures  is  controversial  [e.g., 
Webb,  1993].  For  example,  counterstreaming  electron 
events  are  often  considered  good  CME  proxies  because 
they  can  be  explained  by  closed  field  structures  and 
CMEs  originate  from  closed-field  regions  at  the  Sun 
[Gosling,  1990].  However,  to  date  the  mterplanetary 
observational  evidence  is  not  sufficient  to  differentiate 
between  the  closed-field  topologies,  or  even  open-field 
configurations  [Joselyn,  1988;  Suess,  1993].  For  exam¬ 
ple,  Kahler  and  Reames  [1991],  using  energetic  parti¬ 
cles  as  probes  of  magnetic  clouds,  concluded  that  bot¬ 
tle  or  open-field  configurations  were  the  only  topologies 
consistent  with  their  observations.  In  addition,  Helios 
white  light  observations  of  interplanetary  CMEs  provide 
some  evidence  for  increased  mass  flow  well  behind  the 
leading  edge,  arguing  against  large-scale  reconnection 
for  these  events  [Jackson  and  Leineri,  1985]-  A  hybrid 
of  the  closed-field  topologies  is  also  possible;  e.g.,  the 
stronger  interior  fields  of  a  CME  might  disconnect  to 
form  a  plasmoid  or  a  flux  rope  while  the  outer  fields 
remain  connected  to  the  Sun.  For  instance.  Gosling 
[1990]  found  that  of  counterstreaming  electron 

events  resembled  flux  ropes,  which  could  result  from 
reconnection  of  highly  sheared  field  lines  near  the  Sun. 

Coronagraph  observations  suggest  that  disconnection 
is  not  typically  observed  near  the  Sun  in  the  wake  of 
CMEs.  For  example,  no  clear  evidence  of  a  discon¬ 


nection  event  (DE)  had  been  reported  from  the  Sky  lab 
coronagraph  data,  and  the  Skylab  CMEs  were  thought 
to  retain  their  connection  to  the  Sun  [Gosling  ei  aL 
1974;  Anzer  and  Poland,  1979]. 

The  first  published  example  of  a  possible  disconnec¬ 
tion  feature  was  reported  by  Tiling  and  Sundhausen 
[1983]  (hereinafter,  I&H)  who  interpreted  an  event  ob¬ 
served  in  the  1980  SMM  data  as  a  disconnected  CME. 
It  appeared  as  a  bright  front  pointed  concave-outward 
from  the  Sun  that  moved  slowly  outward  through  the 
corona  (similar  in  form  to  our  Figure  lb),  following  by 
several  hours  a  succession  of  convex-outwaurd  loops.  StOl 
later  a  bright,  narrow  radial  ray  appeared,  suggesting 
the  formation  of  a  neutral  sheet  following  the  closed,  de¬ 
tached  magnetic  structure  [see  also  Eundhausen,  1995]. 

Other  concave-outward  arcs  similar  to  the  I&H  event, 
or  dark  internal  “voids”  with  outward-curved  forms 
imbedded  within  CMEs  have  been  detected  in  more  re¬ 
cent  coronagraph  data,  suggesting  that  disconnection 
events  may  not  be  as  rare  as  previously  thought,  Eling 
[1985]  described  nine  other  events  serendipitously  dis¬ 
covered  in  the  Skylab  and  1980  SMM  images.  Be¬ 
cause  of  limited  temporal  coverage,  it  was  unclear  if 
all  of  these  features  trailed  CMEs.  Anzer  and  Pneu- 
man  [1982]  showed  iliustrations  of  two  Skylab  CMEs 
on  lune  10  and  August  26,  1973,  which  they  suggested 
showed  evidence  of  dosed  magnetic  structures  within 
CMEs  formed  by  reconnection.  The  August  26  CME, 
in  particular,  contained  a  large  dark  region  bounded 
near  the  Sun  by  a  brighter,  concave-outward  structure. 
Our  inspection  of  images  of  the  June  10  CME  revealed 
a  bright  ray  centered  on  the  CME  aixis  that  appealed 
some  hours  after  the  passage  of  the  CME  front.  Another 
well-observed  and  studied  Skylab  CME  on  August  10, 
1973  had  a  circular,  bubble  shape  with  a  darker  interior 
similar  to  the  June  10  event  [Gosling  ei  aL,  1974;  Anzer 
and  Poland,  1979].  Following  Anzer  and  Pneuman,  we 
regard  these  Skylab  CMEs  as  candidate  disconnection 
events. 

Although  no  survey  for  disconnection  features  has 
been  made  of  the  SOLWIND  coronagraph  data,  we  are 
aware  of  two  published  candidate  events,  on  May  8, 
1979  [Michels  ei  al,,  1980a,  b]  amd  September  1,  1980 
[Ffieeiey  ei  aL,  1982].  In  both  events,  dark,  circular 
voids  with  concave-outward  forms  (similar  to  Figure  la) 
were  observed  within  the  CMEs  as  far  out  as  11  R5.  A 
third  event  on  April  14,  1980  was  shown  by  R.  Howard 
at  a  meeting  in  1988  [Joselyn,  1988].  The  SOLWIND 
image  showed  a  wineglass-shaped  structure,  suggestive 
of  disconnection,  in  the  late  phase  of  the  CME.  How¬ 
ever,  the  SMM  images  showed  a  classic  loopiike  CME 
erupting  over  the  north  pole  [see  Kahler,  1987,  Figure 
1];  the  western  leg  of  the  CME  Wcls  superposed  on  a  pre¬ 
existing  bright  streamer,  which  subsequently  erupted. 

Recently,  AfeComo^  ei  al,  [1991,  1992b]  have  pre¬ 
sented  evidence  of  other  outward- moving  “U-shaped” 
structures  in  the  SMM  coronagraph  data.  They  suggest 
that  some  concave-outward  structures  niay  indicate  the 
disconnection  of  previously  .open-field  regions  in  stream¬ 
ers,  resulting  in  the  expulsion  of  a  detached  structure 
open  to  the  heliosphere.  Linker  ei  aL  [1992]  have  simu- 
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lated  suck  reconnection  in  a  model  equatorial  stTcamcr. 
The  simulation  yielded  a  discormcctcd  structure  similar 
to  the  observations  of  McComas  et  ai.  We  will  return 
to  this  idea  in  the  discussion. 

A  few  ground-based  observations  during  total  so¬ 
lar  eclipses  have  also  revealed  similar  concave-outward 
structures.  Oliver  [1989]  analyzed  ground-based  ob¬ 
servations  of  what  was  reported  to  be  a  “comet,”  a 
concave-outward  bright  front  atop  a  radial  ray,  seen 
moving  outward  from  the  Sun  during  the  1893  solar 
eclipse-  He  interpreted  this  structure  as  a  disconnected 
CME  and  pointed  out  that  candidate  DEs  were  also  ob¬ 
served  at  eclipses  in  1860  [Bddy,  1974]  and  1980  [-Eitsiu 
and  RybaTisky,  1983;  C.  Keller ^  private  communication, 
1988]. 

3,  Results  of  the  Survey:  A  Search  for 
Disconnection  Events 

Our  approach  to  the  search  for  possible  disconnec¬ 
tion  features  was  to  examine  complete  sets  of  images  of 
major  CMEs  obtained  from  spaceborne  coronagraphs, 
as  well  as  ground-based  data  obtained  during  natu¬ 
rally  occurring  solar  eclipses.  We  examined  the  coro- 
nagraph  CME  data  sets  at  the  Bdgh  Altitude  Obser¬ 
vatory  (BLAO)  obtained  during  the  Skyiab  missions  in 
1973/1974  and  the  SMM  mission  in  1980.  We  note 
that  these  two  coronal  data  sets  were  obtained  during 
missions  that  were  primarily  fiare-oriented,  resulting  in 
relatively  low  dnty  cycles  (32%  and  38%,  respectively) 
for  detection  of  CMEs  with  speeds  of  400  km/s  or  less 
[Eundhausen  ei  al.,  1984]-  We  also  examined  all  avail¬ 
able  and  appropriate  images  from  total  eclipses  over 
the  interval  from  1860,  by  which  time  the  study  of  solctr 
eclipses  had  become  a  serious  sdentinc  enterprise  [Todd, 
1900],  to  the  mid-1980s. 

To  be  included  as  a  candidate  disconnection  feature, 
a  transient  coronal  structure  had  to  be  brighter  than 
the  ambient,  or  background,  corona  with  at  least  a  por¬ 
tion  of  its  form  having  a  concave-outward  shape.  These 
structures  axe  expected  to  be  listed  themselves  as  CMEs 
(Le.,  new  bright  material  appearing  in  the  field  of  view) 
or  to  trail  the  leading  edge  of  a  CME.  The  disconnec¬ 
tion  structures  could  consist  of  partial  arcs,  like  the  I&:H 
event  and  our  Figures  lb  and  2b,  or  nearly  complete 
ring-shaped  structures  with  apparent  closure  on  their 
sunward  side,  like  the  Skyiab  events  shown  by  Anzer 
and  Pneuman  [19821.  WTc  interpret  these  latter  struc¬ 
tures  as  providing  evidence  for  the  ejection  of  plasmoids 
(our  Figures  la  and  2a);  their  interior  may  or  may  not 
be  darker  them  the  outer,  ring,  but  the  contrast  across 
the  structure  suggests  a  concave-outward  geometry  on 
the  sunward  side.  Note  that  the  existence  of  the  darker 
cavity  in  the  classic  “three-part”  CMEs  does  not  by 
itself  constitute  evidence  of  disconnection;  a  clearly  de¬ 
lineated  concave-outward  geometry  must  be  present,  in 
addition,  we  considered  newly- formed  bright  rays  fol¬ 
lowing  and  coaxial  with  the  above  features  as  evidence 
of  disconnection. 


3.1.  Spacebome  Cor6iiag:raph  Observations 

For  the  Skyiab  data  we  examined  high-quality  prints 
and  archival  3S-nim  transparencies  available  at  HAO 
for  each  of  the  77  “major”  CMEs  denned  by  Munro  and 
Simt  [1985].  We  found  that  8  of  the  77  (10%)  Skyiab 
CMEs  were  associated  with  such  candidate  disconnec¬ 
tion  structures. 

We  also  surveyed  the  literature  and  the  photographic 
image  data  available  at  HAO  to  search  for  candidate 
disconnection  events  in  the  1980  SMM  data.  We  com¬ 
piled  a  final  list  of  10  candidate  events,  most  of  which 
had  been  identified  previously  by  Rling  [1985,  private 
communication,  1985].  Not  all  of  these  were  called 
“CMEs”  on  the  “official”  SMM  CME  list  at  HAO.  Our 
survey  was  completed  at  HAO  in  1988;  at  that  time 
there  were  74  CMEs  listed  for  1980,  although  this  count 
was  considered  a  lower  limit  [e.g.,  Webb,  1987).  There¬ 
fore,  the  10  disconnection  candidate  events  represent  a 
rate  that  is  13.5%  of  all  major  SMM  CMEs  counted 
in  1980,  The  final  SMM  CME  catalog  [Burkepile  and 
Si,  Cyr,  1993]  has  added  many  fainter  transients  to 
the  list  and  now  records  169  CMEs  observed  in  1980. 
We  have  not  resurveyed  the  updated  1980  data  but  do 
not  expect  the  rate  of  disconnection  features  to  change 
signiiicantiy.  Burkepilc  and  St,  Cyr  list  a  category  of 
“concave-outward”  features  in  their  catalog.  The  “rel¬ 
ative  frequencies”  of  this  class  of  descriptors  is  6.2%  in 
1980  and  a  mean  of  6.6%  for  1984-1989.  If  considered  to 
be  an  occurrence  rate,  it  underestimates  the  rate  of  all 
disconnection  features.  For  example,  outward-curved 
arcs  axe  only  one  type  of  feature  we  consider  as  evi¬ 
dence  of  disconnection. 

Table  1  lists  all  candidate  disconnection  events,  and 
their  associated  CMEs,  observed  from  spaceborne  coro¬ 
nagraphs  that  are  known  to  us.  For  completeness,  in 
addition  to  the  Skyiab  and  1980  SMM  events  mentioned 
above,  we  have  included  the  three  SOLWIND  events  in 
1979  and  1980  discussed  above.  However,  these  events 
arc  not  included  in  our  statistical  results,  since  the  SOL- 
WIND  data  were  not  part  of  our  survey.  The  table  lists 
the  following  data  for  each  event  (from  left  to  right);  the 
date  and  day  of  year,  the  spacecraft  from  which  the  DE 
was  observed,  the  solar  cycle  number,  the  approximate 
year  from  maximum  phcise  of  the  event,  the  estimated 
time  of  onset,  time  of  first  and  last  observations,  limb 
position  of  the  central  axis,  width  and  speed  of  the  as¬ 
sociated  CME  if  known,  whether  the  leading  edge  of  the 
CME  was  looplike,  whether  it  had  a  central  bright  re¬ 
gion  (CBR)  [see  Webb  and  Eundhausen,  1987],  the  DE 
classification,  and  comments  and  references.  For  most 
events  there  are  two  lines  of  data:  the  top  line  refers  to 
the  CME,  and  data  in  the  second  row  pertain  specifi¬ 
cally  to  measurements  of  the  disconnection  event  itself. 
For  DE  class  1  events,  the  leading  portion  of  the  CME 
is  essentially  part  of  the  DE,  so  the  width  of  the  DE  is 
roughly  the  same  as  the  CME  itself.  Only  a  few  speeds 
of  disconnection  structures  have  been  measured.  The 
DE  classification  is  discussed  in  section  3.3  and  Table 
3- 


/¥?■ 


Table  1.  Known  Candidate  CME/Disconnection  Events  Observed  From  Spacebotne  Cotonagtaplis 

Space  Cycle  Event  First  Last  Limb  Event  Event  CME  CMB  DE 
Date  craft  Number  Onset  Observed  Position  Widtii  Speed  Loop?  CBR?  Class  Coniments/References 
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Maybe  Helios  event 

Mar,  15-IG,  1980  SMM  21  0900  1530  2100  S30E  -53  35  y  y  2a  Illing  and  Hundhausen  [im], 

0604  1358  S27B  —40  175  y  Follows  loop  and  cavity 

ill  streamer.  Bright  ray  remains 

March  25,  1980  SMM  21  0425  0453  0738  S35W  15  682  ?  n  2b  narrow  plasmoid;  well  observed 


Table  1.  (coiiliiiued) 

Space  Cycle  Eveiil  Fitsl  Last  Limb  Event  Event  CME  CME  DE 
_ craft  Number  Onset  Observed  Position  Width  Speed  Loop?  CBR?  Class  Comments/References 
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Tnble  2.  Eclipse  Obsetvnlloiis  of  CMEs  and  Candidale  DisconnccUou  Bvenls  _ _ 

Principal  DB  Cycle  Cycle  Event  Event 

Date  Location  Observer  CMB"  DB"  Class  PA^  No.  Phase  Width  Speed  Coinnients/Rcferences 
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comniunicalion,  1987) 


Table  2.  (conlinued) 
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“The  degree  of  confidence  of  the  identification  of  the  CME  and  disconnection  event.  Categories  ate  Probable  (Ptob.),  Possible  (Poss.), 
Maybe,  No,  and  indeterminate  (I)  or  can’t  tell. 

•’Position  angle  of  the  event  at  the  limb  in  degrees  measured  from  solar  north  to  the  east. 
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3.2.  Total  Solar  Eclipse  Observations 

For  a  total  eclipse  observation  to  be  considered  for 
our  survey,  we  required  a  pbotographic  image  or  high- 
quality  drawing  of  the  eclipsed  corona;  structures  had  to 
be  visible  on  the  image  at  least  into  the  middle  corona 
(i.e.,  to  a  distance  of  Rs  depending  on  the  phase 
of  the  solar  cycle,) 

We  examined  observations,  either  photographs  or 
drawings,  from  a  total  of  37  eclipses  that  met  these 
criteria  between  1860  and  1980.  Oui  survey  was  com¬ 
plete  in  the  sense  that  we  were  able  to  review  data 
from  every  well-observed  eclipse  over  the  last  130  years. 
Data  sets  searched  included  compilations  of  coronal 
sketches  and  drawings  by  Ranyard  [1879]  and  Anony¬ 
mous  [1929].  -In  addition,  we  examined  the  entire  col¬ 
lection  of  glass  plates  of  eclipse  photographs  compiled 
by  J.  Eddy  at  HAO  [Eddy  and  Goff,  1971]  and  the  pho¬ 
tographic  records  from  eight  eclipses  contained  in  the 
archives  at  Harvard  College  Observatory  (ECO). 

During  12  of  the  37  eclipses  a  CME  (identified  with 
varying  confidence  levels)  was  visible  on  at  least  one 
image  of  the  middle  corona.  A  total  of  16  CMEs  were 
detected  (two  were  visible  during  the  1937  eclipse  and 
four  during  the  1980  eclipse).  Table  2  lists  the  refer¬ 
ences  and  some  observational  details  of  these  probable 
(9),  possible  (3),  and  questionable  (4)  CMEs  and  the 
associated  DEs.  This  table  is  similar  to  Table  1  with 
the  additions  of  the  location  of  the  eclipse  observation 
(column  2),  the  name  of  the  principal  observer  (column 
3),  and  the  degree  of  confidence  we  placed  in  the  iden¬ 
tifications  of  the  CMEs  (column  4)  and  DEs  (column 

Five  of  the  12  probable  and  possible  eclipse  CMEs,  in 
1860,  1869,  1893,  1973  and  1980,  were  associated  with 
candidate  disconnection  features.  Of  the  other  seven 
eclipse  CMEs,  three  showed  no  evidence  of  disconnec¬ 
tion,  and  the  other  four  were  indeterminate  or  uncertain 
because  of  obscuration  by  the  bright  inner  corona.  Note 
that  9  of  the  12  eclipse  CMEs,  and  all  but  one  of  the 
DEs,  occurred  within  2  years  of  the  maximum  phase 
of  the  sunspot  cycle,  with  an  average  monthly  sunspot 
number  of  102.  This  is  not  unexpected,  since  we  now 
know  that  the  occurrence  rate  of  CMEs  tends  to  follow 
that  of  the  cycle  in  both  amplitude  and  phase  [Webh 
and  Howard,  1994]. 

Three  of  the  five  disconnection  events  had  previously 
been  described  by  Oliver  [1989].  We  found  the  fourth 
event  in  the  Eddy  plate  collection  and  later  confirmed 
its  existence  on  the  original  plate  in  the  ECO  archives. 
The  photograph  was  taken  by  1.  Winlock  of  ECO  dur¬ 
ing  the  August  7,  1869  eclipse  at  Shelbyville,  Kentucky. 
We  believe  that  this  is  the  first  photograph  of  a  CME 
and  candidate  DE  ever  obtained.  Figure  3  shows  a 
tracing  of  the  nearly  circular  disconnection  structure 
that  we  made  from  the  enlarged  Eddy  plate  at  HAO. 
The  eclipse  was  well  observed  across  the  upper  midwest 
United  States  and  Canada,  and  many  reports  were  gen¬ 
erated;  Ranyard* s  [1879]  compendium  provides  the  most 
complete  summary  of  these.  He  includes  a  drawing  of 
Winlock ’s  40-s  exposure,  which  Winlock  said  provided 


‘"a  most  satisfactory  picture  of  the  corona’"  (p,  612),  Af¬ 
ter  viewing  the  original  negative  during  a  visit  to  ECO 
in  1878,  Ranyard  concluded  that  “...it  was  evident  that 
a  great  deal  of  structure  was  recognizable  in  the  original 
negative  which  is  not  shown  in  the  steel  plate  published 
in  voL  vi.  of  the  ‘Annals  of  the  Harvard  College  Obser¬ 
vatory’.”  Apparently,  the  feature  which  we  recognize 
today  as  a  CME  was  discounted  at  the  time  as  an  arti¬ 
fact. 

Aligned  with  the  southern  edge  of  the  CME  at  a  Po¬ 
sition  Angle  of  69®  is  a  prominence.  This  may  have 
erupted  earlier  and  been  associated  with  the  CME.  Ashe 
[1870]  was  among  the  earliest  observers  of  totality  at 
lefferson,  Iowa,  and  reported  what  we  might  today  rec¬ 
ognize  as  an  erupting  prominence  over  the  east  limb. 
He  described  a  moving  ‘protuberance”  whose  “...lower 
part  was  deep  red,  getting  lighter,  and  the  part  blown 
off  was  a  brilliant  white  light.’’  Later  “it  assumed  the 
form  of  a  great  heap  of  cinders,”  and  this  feature  was 
what  was  seen  by  all  the  observers  later  to  the  east.  C. 
Abbe  at  Sioux  Falls,  Iowa  also  reported  a  “column  of 
...hot  gas  ascending  high  above  ...red  flames”  near  the 
surface  [Ranyard,  1879,  p.  600].  Others  referred  to  a 
“curled”  or  “spiral”  structure  in  the  corona.  The  most 
likely  description  of  the  CME  was  made  by  G.  Hough 
at  Maltoon,  Illinois, ^ho  saw  “...a  curved  mass  of  light, 
in  shape  resembling  the  petal  of  a  flower.  On  the  up¬ 
per  edge  of  the  disc  was  plainly  seen  am  arch  of  light, 
parallel  with  the  edge,  and  within  the  boundary  of  the 
corona”  (p.  606). 

The  fifth  possible  DE  is  best  seen  on  the  enhanced  air¬ 
borne  large  field  photograph  obtained  of  the  June  30, 
1973  eclipse  over  Africa  by  the  Los  Alamos  Scientific 
Laboratory  (LASL)  group.  It  appears  as  a  Y-shaped 
structure  in  the  southwest  with  its  branching  point  at 
about  4  i^s.  It  was  described  as  a  split  streamer  by 
Martinez  [1978]  and  as  a  “detachment”  by  Koutekmy  ei 
al.  [1973].  Koutchmy’s  expedition  obtained  two  pho¬ 
tographs  of  the  eclipsed  corona  from  Mauritania  and 
from  Chad  87  min  apart.  The  motion  of  the  “detach¬ 
ment”  between  these  times  enabled  them  to  estimate  its 
velocity  as  90-140  km/s.  The  feature  had  apparently 
moved  beyond  the  field  of  an  HAO  eclipse  photograph 
obtained  later  in  Kenya  at  1250  UT.  The  corona  was 
also  observed  from  Skylab  on  the  day  of  the  eclipse. 
A  pre-existing  bright  streamer  appeared  at  the  west 
limb  at  0410  UT  and  had  been  disrupted  by  a  possi¬ 
ble  CME  on  the  next  image  at  1144  UT.  The  source  of 
the  CME  might  have  been  in  an  activated  prominence 
at  the  southwest  limb  which  was  associated  with  a  loop 
and  cloud  observed  by  the  American  Science  and  Engi¬ 
neering  Skylab  X-ray  telescope  at  1141  UT. 

These  results  indicate  that  candidate  disconnection 
events  might  occur,  or  at  least  might  be  detectable, 
during  approximately  10—15%  of  all  solar  eclipses  (in 
our  sample,  5  times  out  of  37  eclipses).  Surprisingly, 
the  fraction  of  DEs  to  CMEs  detected  during  eclipses 
was  much  higher  (40%,  5  of  12)  than  that  for  the  coro- 
nagraph  sample.  The  detection  rates  of  both  CMEs 
and  DEs  seem  particidarly  high  considering  that  good 
eclipse  observations  represent  snapshots  of  the  corona 
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Figure  3.  Tracing  of  the  long-exposure  (40  s)  photo¬ 
graph  of  the  August  7,  1869  eclipse  obtained  at  Shel- 
by'vffle,  Kentucky  by  3.  Winlock  of  ECO.  The  nearly 
circular  candidate  disconnection  structure  lies  above  the 
NE  limb.  We  made  this  sketch  from  the  enlarged  plate 
in  the  Eddy  collection  at  EAO,  and  confirmed  the  re¬ 
ality  of  the  feature  on  the  original  plate  in  the  ECO 
archives.  This  event  is  an  example  of  a  circular  class 
1  disconnection  structure,  with  the  CME  exhibiting  a 
nearly  complete  ring  (class  la)  within  which  is  there  is 
some  evidence  of  a  darker  void  (class  lb).  The  sketch  is 
interpretive  only  and  is  not  intended  to  reproduce  the 
faint, .  subtle  detail  on  the  original  image.  The  compass 
points  indicate  solair  coordinates.  show  locations 

of  prominences. 

taken  on  average  once  every  2  years.  For  example,  the 
maximum  CME  rate  derived  from  coronagraph  obser¬ 
vations  is  about  2.5/day,  or  1  every  10  hr  [Wchh  and 
Howardj  1994].  K  we  assume  that  an  average-speed 


CME  will  be  visible  in  the  corona  for  one  hr,  then  we  ex¬ 
pect  to  sec  at  most  3.5’-4  CMEs  during  the  37  eclipses. 
However,  we  observed  9,  or  2-3  times  the  expected  rate. 

These  estimates  suggest  that  for  some  reason,  CMEs 
and  disconnection  features  might  be  more  readily  de¬ 
tectable  with  natural  eclipse  observations  than  from 
spacebornc  coronagraphs.  A  possible  reason  could  be 
that  natural  eclipse  observations,  which  don't  require  a 
coronagraph 's  occulting  system  with  its  associated  stray 
light  and  vignetting  problems,  permit  clear  viewing  of 
coronal  features  from  the  solar  limb  outward.  This 
could  be  an  important  advantage  if  DEs  are  somehow 
easier  to  detect  (e.g.,  have  higher  contrast)  when  they 
are  nearer  the  surface  than  farther  out  in  the  corona.  In 
addition,  the  use  of  modern  techniques  during  eclipses, 
such  as  radially-graded  filters,  airborne  infrared  pho¬ 
tographs  and  computer  enhancement  programs,  greatly 
improves  the  detail  observable  in  the  lower  corona  and 
extends  the  field  of  view.  These  advantages  were  appar¬ 
ently  decisive  in  detecting  the  four  transients  during  the 
1980  eclipse.  Finally,  we  emphasize  that  the  listing  of 
CMEs  and  DEs  in  Table  2  represents  our  interpretation 
of  the  eclipse  observations;  others  may  disagree.  A  dis¬ 
advantage  in  using  eclipse  images  to  identify  dynamic 
phenomena  is  the  br^ty  of  natural  eclipses.  Bowever, 
nearly  aU  of  the  features  we  identified  as  CMEs  or  DEs 
were  noted  by  others,  although  not  recognized  as  CMEs 
or  DEs  at  the  time. 

3*3.  A  Classification  Scheme  for  Discormection 
Structures 

Counting  only  the  probable  identifications,  there  were 
a  total  of  23  events  having  features  suggestive  of  discon¬ 
nection  detected  in  both  the  eclipse  and  coronagraph 
samples  (Tables  1  and  2).  We  have  developed  a  mor¬ 
phological  classification  scheme  for  these  disconnection 
features  which  is  presented  in  Table  3.  The  classifica¬ 
tion  order  is  somewhat  arbitrary  but  suggests  a  pos¬ 
sible  evolutionary  sequence  proceeding  from  complete 


Table  3.  Morphological  Claissifi cation  of  Features  Suggestive  of  Disconnection 


Percent  of  Total 

Percent  of  Total 

Number  of 

Feature 

Number  of 

Number  of 

Features  in 

Class 

Events  (23) 

Features  (30) 

Class 

Description 

1 

54 

65 

19.5 

Circular  or  ovoid  structure 
(dosed  bubble  or  ring  shape) 

a)  6 

b)  9.5 

c)  4 

Ouxer  ChlE  structure  b  bubble  or  ring  shape 
Uniform  dark  void  within  CME 

Bright  bubble  or  ring  shape  within  CME 
(erupting  prominence  material?) 

2 

46 

35 

10.5 

Curved  arc  concave-outward  bom  the  Sun 

a)  2.5 

b)  8 

Large-scale  broad  arc  (like  I&B  event) 

Small  arc  within  prc-cxbting  structure 
(usually  part  of  a  streamer  dbruption) 

Narrow,  sharply  defined  rays  indicative  of  neutral  sheets  followed  four  of  the  class  1  or  2  events. 


/<rj 
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circular  structures  (class  1),  whicii  often  include  the 
leading  edge  of  a  CME  and  can  consist  of  dark  circu¬ 
lar  depleted  regions  or  voids,  to  partial  arcs  or  narrow 
U-  or  Y-shaped  structures  where  the  leading  edge  may 
have  been  missed  (class  2),  to  newly- formed  bright  rays 
which  suggest  the  formation  of  a  thin  neutral  sheet  late 
in  the  event.  We  have  considered  the  rays  to  be  not  a 
separate  class,  but  a  late  phase  of  a  class  1  or  2  discon¬ 
nection  feature.  This  progression  is  illustrated  in  Fig¬ 
ures  1  and  2,  where  wide  and  narrow  complete  class  1 
CME/DEs  are  shown  in  Figures  la  and  2a,  respectively, 
and  as  later-phase  class  2  partial  arcs  and  bright  rays 
in  Figures  lb  and  2b.  A  given  event  could  have  charac¬ 
teristics  which  fall  into  one  or  both  classes,  particularly 
if  it  was  observed  for  an  extended  period.  There  were 
a  total  of  30  classihed  features  observed  during  the  23 
events.  In  Table  3  the  percentage  of  features  in  each 
class  to  the  total  number  of  cvtTiis  and  to  the  total 
number  of  features  is  indicated  in  the  second  and  third 
columns,  respectively.  The  actual  number  of  features  in 
each  class  or  subclass  is  given  in  column  3. 

Class  1  features  appeared  in  54%  (12.5  of  23)  of  all 
the  events,  and  class  2  features  in  46%  (10.5  of  23). 
The  most  common  type  of  disconnection  feature  (65%, 
19.5  of  30)  was  a  complete  circular  structure  (class 
1).  Outwajd  curved  arcs  (class  2),  exemplified  by  the 
liiH  event,  comprised  35%  (10.5  of  30)  of  all  features. 
Small  arcs  (class  2b)  were  the  most  common  features 
of  this  class  and  were  often  associated  with  pre-existing 
streamers,  which  disappeared  following  a  CME  charac- 
teri2ed  by  the  rapid  outward  expulsion  of  streamer  ma¬ 
terial  [see  SuTidhausen,  1993].  The  class  2  subclasses 
were  differentiated  by  the  width  of  the  arcs:  class  2a 


arcs  were  ^4.5^  wide  and  class  2b  arcs  were  <  25®  wide, 
with  a  mean  width  of  16.4®.  In  either  case  the  arc 
widths  were  slightly  less  than  the  widths  of  the  lead¬ 
ing  part  of  any  associated  CME. 

Examples  of  each  of  the  main  classes  of  events  are 
shown  in  the  figures.  Figures  3  and  4  show  examples  of 
two  similar  class  I  circular  features  detected  during  two 
echpses.  The  Shelbyville  CME/DE  structure  in  Figure 
3  exhibits  a  nearly  complete  ring  (class  la)  with  its  in¬ 
nermost  boundary  pinching  in  and  blending  with  the 
bright  inner  corona  0.3  Rs  above  the  limb.  Its  center 
is  at  0.65  R/Rs  and  the  outermost  edge  at  1.0  R/Rs. 
The  interior  of  the  ring  showed  some  evidence  of  a  dark 
void  (class  lb).  The  well-known  ‘‘tennis-racket’’  CME 
observed  during  the  February  1980  eclipse  is  shown  in 
Figure  4  in  three  views  from  Kouickmy  ei  ai  [1988]. 
See  Rust  [1983]  for  an  mfraired  photograph  of  this  event 
obtained  later  (at  0850  UT)  by  the  LASL  airborne  expe¬ 
dition.  Class  1  DEs  have  three  possible  subcategories: 
an  outer  ovoid,  an  interior  circular  void  region,  and  a 
bright  interior  ring.  The  1980  event  exhibited  all  three 
of  these  characteristics.  This  event  is  another  likely  ex¬ 
ample  of  the  streamer-disruption  type  of  ejection  seen 
throughout  the  SMM  period. 

The  large-scale,  broad,  concave-outward  arc  in  the 
I&H  event  is  the  prototypical  class  2a  event  (sketched 
in  our  Figure  lb;  see  Figures  3-5  of  I&H).  This  arc 
was  preceded  by  a  series  of  loops  that  moved  slowly 
through  the  corona  up  to  16  hr  before  the  DE.  The 
concave-outwaird  arc  was  about  40®  wide  and  moved  at 
a  speed  of  175  km/s.  Figure  5  shows  an  example  of  a 
smaJier  class  2b  structure  observed  in  1980  from  SMM. 
This  event  is  typical  of  these  features  in  that  it  occurred 


a  b  c 

Figure  4.  (a)  A  portion  of  the  original  image  of  the  “tennis  racket”  CME  obtained  at  0823  UT 
by  F.  Diego  during  the  February  16,  1980  eclipse,  (b,  c)  Processed  versions  of  the  event  usmg 
a  second-order  difference  operator  algorithm  called  MaD  MAXII  with  two  different  weighting 
functions.  The  circular  or  ovoid  structure  exhibits  all  three  class  1  characteristics:  an  outer 
complete  ovoid,  an  interior  void  region,  and  a  bright  interior  ring.  From  Kouichmy  ei  ai  [1988]; 
original  print  courtesy  of  S.  Koutchmy. 
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Figure  5.  An  example  of  a  smaller  concave-outward 
arc  feature  (class  2b)  observed  on  April  5,  1980  with 
the  SMM  coronagrapk.  Most  of  these  features  occurred 
within  streamers  in  which  the  plasma  brightened  and 
then  was  at  Ic^t  partially  expelled  from  the  Sun.  The 
dotted  circle  denotes  the  solar  limb,  and  the  arrow 
points  to  solar  north.  The  transient  structure  at  1545 
UT  has  been  enhanced  by  the  subtraction  of  a  pre-event 
image  at  1407  IJT.  The  outermost  edge  of  the  transient 
is  truncated  by  the  edge  of  the  held  of  view,  producing 
an  artificially  bright  edge  on  the  image.  Courtesy  of  1. 
Burkepiic;  see  also  Figure  17  of  Burke^pile  and  Si.  Cyr 
[1993]. 


within  a  streamer;  apparently  in  such  events  material 
travels  through  the  streamer  and  is  expelled  from  the 
sun.  The  1893  eclipse  ‘‘comet”  transient  discussed  by 
Cliver  [1989],  another  example  of  a  class  2b  structure, 
bears  a  remarkable  resemblance  to  this  SMM  DE, 

We  consider  the  narrow  D-  or  Y-shaped  structure  ob¬ 
served  during  the  J  une  1973  eclipse  also  to  be  an  exam¬ 
ple  of  a  class  2b  event.  Such  features  obviously  form 
more  acutdy-angled  concave-outward  structures  than 
the  smooth  D-shaped  arcs  typihed  by  the  I&H  event.  It 
can  be  argued  that  such  structures  should  not  be  consid¬ 
ered  evidence  for  disconnection  in  the  corona,  since  they 
do  not  exhibit  a  continuous  outward-curved  surface. 
They  could  be  caused,  for  instance,  by  the  superposi¬ 
tion  of  two  independent  streamers  at  different  distances 
along  the  line  of  sight.  However,  the  1973  structure  ex¬ 
hibited  coherent  outward  motion,  both  sides  were  of 
equal  density,  and  it  was  probably  associated  with  a 
streamer-disruption  CME. 

Newly-formed  bright  rays  following  CMEs  are  indica¬ 
tive  of  the  formation  of  thin  neutral  sheets  late  in  an 
event.  In  this  study  we  considered  the  rays  to  be  a 
late  phase  of  a  class  1  or  2  disconnection  feature.  We 
did  not  search  specifically  for  such  rays  foDowing  CMEs, 
but  such  a  search  is  probably  warranted,  especially  con¬ 


sidering  the  results  of  Kahler  and  Eundhausen  [1992]. 
Examples  of  newly-formed  ray  structures  are  presented 
by  I&H  and  by  Kahler  and  Hundhausen. 

We  examined  several  basic  characteristics  of  the  CMEs 
associated  with  the  DEs.  The  average  leading  edge 
speeds  (312  km/s,  19  measurements)  and  average  latitu¬ 
dinal  spans  (34®,  26  measurements)  of  these  associated 
CMEs  were  slightly  less  than  those  of  typical  CMEs  [see, 
c.g,  Kahler,  1987,  1992;  Burkepile  and  Si.  Cyr,  1993]. 
With  a  limited  number  of  measurements,  the  disconnec¬ 
tion  features  themselves  tended  to  be  narrower  (27.5®, 
21  measurements),  slower  (174  fcm/s,  5  measurements), 
and  fainter  than  their  accompanying  CMEs. 

4.  Summary  and  Discussion 

4-1.  Summary 

We  find  evidence  that  transient  coronal  structures 
similar  to  the  prototypical  I&H  event  can  be  detected 
in  the  middle  to  outer  corona  following  a  nonnegligi- 
ble  fraction,  >  10%,  of  all  CMEs.  W’e  argue  that  these 
observations  can  be  interpreted  as  plasma  entrained  on 
field  lines  which  have  become  disconnected  from  the 
Sun  following  a  CME.  The  speeds  and  widths  of  the 
accompanying  CMEs^ere  slightly  lower  than  those  of 
CMEs  in  general.  The  disconnection  features  them¬ 
selves  tended  to  be  slower,  narrower  and  fainter  than 
the  associated  CMEs. 

There  are  several  types  of  coronal  structures  that  we 
found  to  be  suggestive  of  disconnection.  An  implication 
of  our  proposed  morphological  scheme  is  that,  with  in¬ 
complete  observations,  we  could  detect  only  portions 
of  an  evolutionary  sequence  proceeding  from  complete 
drcnlar  structures,  which  often  included  the  leading 
edge  of  a  CME,  to  partial  arcs  or  narrow  U-  or  Y- 
shaped  structures  where  the  leading  edge  may  have  been 
missed,  to  newly-formed  bright  rays  indicative  of  the 
formation  of  neutral  sheets  late  in  the  events  (Figures  1 
and  2).  Complete  circular  or  ovoidlike  structures  were 
the  most  common  class  of  feature  (65%  of  all  features), 
and  outward-curved  arcs,  like  the  I&H  event,  occurred 
less  frequently  in  this  sample  (35%).  Smaller  arcs  were 
the  most  common  type  of  outward  arc,  and  appeared 
to  be  frequently  associated  with  pre-existing  streamers 
which  disappeared  following  “streamer-blowout”  CMEs 
[Howard  ei  al.,  1985;  Sundhausen,  1993]. 

4-2.  Discussion 

Field  line  reconnection  is  thought  to  be  a  fairly  com¬ 
mon  time-dependent  phenomenon  on  the  Sun,  espe¬ 
cially  within  the  complex  and  dynamic  configurations 
occurring  during  hares  and  CMEs.  As  reviewed  in  sec¬ 
tion  1,  a  class  of  theoretical  models  [e.g.,  Forbes  ei  al., 
1989;  cf.  Svesika  and  Cliver,  1992]  has  been  success¬ 
ful  in  explaining  the  “postflare”  loop  phenomena.  In 
these  models,  field  lines  stretched  open  during  the  erup- 
tion  of  a  prominence,  and  by  inference  its  surrounding 
CME,  reconnect  beneath  these  structures  to  form  loop 
arcades  over  the  magnetic  inversion  line.  Recent  nu- 
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merical  simulations  involving  magnetically  driven  CME 
models  suggest  that  the  formation  of  a  current  sheet  is 
an  important  factor,  within  which  rapid  reconnection  is 
accompanied  by  the  formation  and  ejection  of  a  plas- 
moid  configuration  from  the  Sun.  The  ringiike  CMEs 
and  concave-outward  features  identified  in  this  study 
provide  important  evidence  for  the  reconnection,  cur¬ 
rent  sheet  and  plasmoid  formation  consistent  with  these 
models. 

However,  alternative  explanations  for  these  features 
cannot  be  ruled  out.  For  example,  such  features  could 
arise  from  some  peculiar  viewing  geometry  of  superim¬ 
posed  structures  along  the  line  of  sight.  They  could 
be  related  to  shock  effects,  especially  from  compressed 
plasma  at  slow  and  intermediate  shock  fronts  [e.g., 
Sicinolfson^  1992].  If  the  concave-outward  features  are 
a  signature  of  magnetic  disconnection,  their  role  in  the 
overall  development  of  the  CME  is  unclear.  For  in¬ 
stance,  is  it  a  major  role  in  that  essentially  the  entire 
CME  field  is  disconnected,  is  it  secondary  in  that  only 
a  small  portion  of  the  trailing  edge  or  interior  of  the 
CME  field  disconnects,  or  is  it  a  combination  whereby 
all  the  CME  field  lines  eventually  disconnect  through 
a  succession  of  small-scale  reconnections?  Kaklcr  and 
Hundhuusen  [1992]  conclude  that  smaller-scaie  recon¬ 
nection  during  and  extending  well  after  passage  of  the 
CME  is  the  dominant  process  of  the  late  phase.  If  dis¬ 
connection  plays  a  major  role,  why  don’t  we  see  evi¬ 
dence  for  it  during  every  CME?  It  is  possible  that  large- 
scale  disconnection  might  occur  frequently  during  the 
passage  of  CMEs  but  be  undetectable  in  coronagraph 
images  because  of  its  subtlety  or  faintness,  the  partic¬ 
ular  viewing  geometry  of  the  CME,  the  distance  from 
the  Sun  at  which  it  occurs,  and/or  obscuration  by  sur¬ 
rounding  ambient  coronal  structures.  For  example,  as 
suggested  by  Clivcr  [1989],  such  structures  are  likely  to 
be  more  difficult  to  detect  near  solar  mi-niTrinm  because 
of  overlapping  structures  along  the  line  of  sight  due  to 
the  minimal  tilt  of  the  streamer  belt.  On  the  other 
hand,  during  active  phases  of  the  cycle,  CMEs  arising 
from  the  highly-inclined  streamer  belt  would  tend  to  be 
viewed  through  the  sides  of  arcades.  Smallcr-scale  dis¬ 
connection  occurring  only  within  the  inner  part  of  an 
extended  arcadelike  structure  could  easily  be  obscured 
by  the  bright,  outer  CME  envelope.  The  disconnec¬ 
tion  time  scale  might  also  be  important;  for  example, 
very  slow  disconnection  might  easily  be  missed  against 
the  slowly  evolving  coronal  background.  Finally,  recent 
simulations  of  erupting  streamers  suggest  that  recon¬ 
nection  can  occur  at  large  distances  from  the  Sun  (e.g., 
>  10  R5;  Z.  Mikic,  private  communication,  1994).  In 
this  case  the  disconnection  features  would  occur  too  far 
out  to  be  observed  by  present-day  coronagraphs. 

In  this  paper  we  have  discussed  disconnection  events 
in  terms  of  their  relationship  to  CMEs.  Like  I&:E,  we 
have  chosen  to  interpret  such  structures  as  providing 
evidence  for  magnetic  reconnection  of  field  lines  during 
the  later  stages  of  CME  evolution  in  the  lower  corona. 
This  interpretation  assumes  that,  as  part  of  the  CME, 
these  field  lines  were  initially  closed  near  the  solar  sur¬ 


face  then  locally  opened  up  as  the  CME  front,  or  leading 
edge,  moved  outward  through  the  corona.  In  a  recent 
senes  of  papers,  McComas  ei  al.  [1989,  1991,  1992b] 
present  evidence  for  an  alternative  explanation  for  at 
least  some  outward-moving  “U-shaped”  structures  seen 
in  the  1984-1989  SMM  coronagraph  data.  They  suggest 
that  most  such  events  involve  the  disconnection  of  the 
previously  open  fields  in  helmet  streamers,  resulting  in 
the  expulsion  of  a  detached  U-shaped  structure  open  to 
the  heliosphere.  Further  they  suggest  that  these  struc¬ 
tures  can  be  identified  in  1  AU  in-situ  data  as  “heat-fiux 
dropout”  events  [McComas  ei  al,  1989].  This  process 
might  help  to  globally  balance  the  magnetic  flux  added 
to  the  heliosphere  by  CMEs  [McComas  ei  al,  1992a]. 

It  is  important  to  realise  that  the  McComas  et  al. 
interpretation  is  distinctly  different  from  that  of  I&:H 
and  our  view  in  this  paper.  We  view  disconnection 
events  as  being  directly  associated  with  the  trailing  por¬ 
tions  of  CMEs.  In  a  sequence  of  coronagraph  images 
a  CME,  which  is  typically  preceded  by  a  bright,  lead¬ 
ing  “loop,”  moves  outward  through  the  field  of  view, 
followed  within  tens  of  minutes  or  a  few  hours  by  a 
disconnected  feature  having  approximately  the  width 
of  the  CME  and  radially  aligned  with  its  axis.  In  the 
McComas  et  aL  picture,  CMEs  are  not  required,  or  if 
they  do  occur,  the  CME  is  remote  from  the  affected 
streamer.  Thus  some  distant  dynamic  process  initiates 
X-type  reconnection  within  the  open  fields  of  a  pre- 
existing  coronal  streamer,  resulting  in  the  pinching  off 
and  expulsion  of  plasma  and  magnetic  flux  from  the 
streamer.  In  our  view,  such  a  remote  triggering  process 
is  ad  hoc;  e.g.,  in  the  McCottios  ei  al  [1991]  event, 
it  seems  implausible  that  compressional  waves  could  ef¬ 
fectively  propagate  in  opposite  directions  through  many 
dense,  intervening  structures  to  trigger  reconnection  in 
a  streamer  180°  away. 

McComas  ei  al  [1991,  1992b]  have  presented  only 
two  examples  of  such  events,  both  of  which  were  nairrow 
streamer-related  transients  listed  as  CMEs  by  the  EAO 
group  [Burkevile  and  Si.  Cyr,  1993].  Although  neither 
event  exhibited  bright  fronts,  the  observational  cadence 
is  such  that  their  leading  edges  could  have  been  missed. 
We  have  identified  a  number  of  such  events  in  our  sam¬ 
ple  of  earlier  coronal  data.  They  fall  into  our  subclass  2b 
(Table  3),  which  comprises  at  most  about  45%  (10  of  22) 
of  OUT  disconnection  events.  It  is  possible  that  some  of 
these  structures  result  from  non-CME  streamer  discon¬ 
nections.  However,  it  seems  more  plausible  that  such 
events  are  narrow  streamer-blowout  CMEs  in  which  the 
leading  edge  was  not  observed.  Clearly,  a  detailed  study 
of  the  time-cadence  of  the  observations  of  these  and  ad¬ 
ditional  class  2  events  is  required  to  definitively  answer 
this  question.  The  majoritj'  of  our  events  are  clearly  as¬ 
sociated  with  CMEs,  t3q>ical  in  that  they  have  concave- 
sunward  leading  fronts,  and  consisting  of  closed,  pias- 
moidlikc  circular  or  bubble-shaped  structures  or  large- 
scale,  broad  outwaxd  curving  arcs. 

McComas  ei  al  [1992b]  embrace  the  view  of  many 
Skyiab  reseairchers  [e.g.,  Gosling  ei  al,  1974;  Anzer  and 
Poland,  1979]  when  they  state,  “Most  CMEs  appear  to 
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leave  long  lasting  ‘legs’  which  slowly  fade  into  coronal 
holes  ...[which  are]  long  lasting  open  field  regions.^  In 
other  words,  there  is  little  evidence  of  reconnection  fol¬ 
lowing  CMEs.  We  do  not  agree  with  this  view  as  ap¬ 
plied  to  CMEs  in  general  for  the  following  reasons:  (1) 
Coronal  holes  are  not  directly  associated  with  mass  ejec¬ 
tions;  occasional  transient  darkenings  or  depletions  can 
appear  in  the  low  corona  following  some  CMEs  or  X-ray 
transients  [Ansi,  1983],  but  these  are  not  long-lived,  sta¬ 
ble  structures  like  coronal  holes.  (2)  Since  most  of  our 
candidate  events  directly  follow  CME  fronts,  we  main¬ 
tain  that  at  least  10%  of  ail  CMEs  show  evidence  of 
disconnection-  In  fact,  McComas  ei  al.  [1992b]  them¬ 
selves  found  a  similar  rate  (11%,  6  of  52  CMEs)  in  a 
preliminary  examination  of  3  months  of  SMM  CMEs  in 
1988.  (3)  In  their  study  of  the  coronal  magnetic  topol¬ 
ogy  following  16  CMEs,  Kohler  and  Hundhausen  [1992] 
found  that  structures  consistent  with  neutral  sheets  and 
streamers  generally  form  in  the  corona  following  passage 
of  CMEs,  implying  that  reconnection  and  the  forma¬ 
tion  of  closed  structures  has  occurred.  (4)  The  “post- 
flare  loop”  phenomena,  often  observed  in  association 
with  CMEs,  provides  additional  evidence  of  magnetic 
reconnection  near  the  surface  and  suggests  that  it  can 
continue  in  the  corona  long  after  the  departure  of  the 
CME. 

Postflare  loop  features,  such  as  X-ray  long-duration 
events,  are  more  frequently  associated  with  CMEs  than 
the  DEs  discussed  in  this  paper,  suggesting  that  some 
form  of  reconnection  is  even  more  common  low  in  the 
corona.  For  example,  in  the  Wehh  and  Hundhausen 
[1987]  study,  38%  of  the  SMM  CMEs  were  associated 
with  X-ray  long-duration  events.  Therefore  we  find  con¬ 
siderable  evidence  to  support  the  view  that  the  mag¬ 
netic  disconnection  required  for  flux  balance  in  the  he¬ 
liosphere  can  occur  in  direct  association  with  the  CMEs 
that  otherwise  might  cause  a  bxiildup  of  the  field. 

The  low-energy  electron  acceleration  events  termed 
“high  coronal  flares”  (HCFs)  by  Oliver  and  Kohler 
[1991]  provide  evidence  for  intermittent  reconnection, 
independent  of  CMEs,  that  could  also  contribute  to 
flux  balance  by  pinching  off  oppositely  directed  field 
lines  drawn  out  into  the  interplanet^u:y  medium  through 
the  streamer  belt  [ATc Comas  ei  oL,  1992a].  However, 
the  occurrence  frequency  of  HCFs  (several  tens  per  day 
from  observations  of  metric  type  III  bursts)  and  their 
impulsive  nature  indicate  a  spatial  scale  much  smaller 
than  that  of  the  DEs  reported  by  McComas  ei  al,  [1991, 
1992b]. 

Our  study  represents  the  first  systematic  seaich.  for 
candidate  disconnection  structures  in  the  wake  of  CMEs. 
Using  data  from  two  different  coronagraphs  and  from 
many  natural  eclipses,  we  found  consistent  rates  of  oc¬ 
currence  for  such  structures  that  are  equivalent  to  at 
least  10%  of  ail  CMEs.  Burkepile  and  Si,  Cyr  [1993] 
give  a  lower  rate  (^6%)  of  “concave-outward”  features 
associated  with  the  SMM  CMEs,  but  this  rate  is  an  un¬ 
derestimate  in  that  it  includes  only  one  class  of  DE  and 
they  did  not  perform  a  separate  search  for  disconnection 
structures  \McComas  el  al.,  1992b].  We  note  that  an 


observed  rate  of  CME/DEs  near  the  Sun  of  >  10%  is  not 
inconsistent  with  the  fraction  of  counterstreaming  elec¬ 
tron  events,  purported  to  be  proxies  for  interplanetary 
CMEs,  that  resemble  flux  ropes  and  are  thus  indicative 
of  the  reconnection  of  highly  sheared  field  lines  near  the 
Sun  [Gosling,  1990]. 

Recently,  McComas  ei  al  [1992a]  have  addressed  the 
flux  buildup  problem,  using  in-situ  measurements  to  es¬ 
timate  the  amount  of  closed  versus  open  flux  at  1  AU. 
They  used  counterstreaming  electron  events  as  a  CME 
proxy  and  found  that  in  the  absence  of  any  reconnec¬ 
tion,  CMEs  would  double  the  ecliptic  field  magnitude 
every  9  months.  They  used  heat  flux  dropout  events 
as  a  proxy  for  disconnected  flux  in  the  ecliptic  plane 
and  concluded  that  these  events  by  themselves  were  in¬ 
sufficient  by  a  factor  of  4  to  balance  the  newly-added 
closed  flux  carried  by  CMEs.  Since  the  estimates  of 
McComas  ei  al.  [1992a]  were  by  necessity  rough,  we 
cannot  attach  too  much  significance  to  this  apparent 
discrepancy.  Nevertheless,  we  note  that  these  estimates 
are  qualitatively  in  agreement  with  our  view  that  in¬ 
terplanetary  flux  balance  can  be  accomplished  primar¬ 
ily  by  reconnection/disconnection  of  the  fields  directly 
associated  with  CMEs.  However,  because  of  the  diffi¬ 
culties  in  detecting  DEs  discussed  earlier,  the  question 
remains  open  and  must  be  addressed  in  the  future  by 
better  observations  and  measurements. 

Finally,  we  wish  to  emphasfre  an  important  feature 
of  CMEs  and  DEs.  We  have  noted  that  many,  if  not 
most,  CMEs  arise  in  pre-existing  coronal  streamers.  We 
interpret  the  evolution  of  plasma  within  a  streamer  en¬ 
trained  on  field  lines  which  become  disconnected  from 
the  solar  surface  as  resembling  the  picture  sketched  in 
Figure  2.  In  fact,  we  suggest  that  nearly  half  the  dis¬ 
connection  features  found  in  this  study  were  of  this  type 
wherein  material  travels  through  a  streamer  and  is  ex¬ 
pelled  from  the  Sun,  with  the  concomitant  reconnec¬ 
tion  leaving  a  radial  neutral  sheet  in  its  wake.  We  wish 
to  highHght  the  remarkable  resemblance  of  these  coro¬ 
nal  structures  to  the  plasmoids  which  have  been  de¬ 
tected  in  the  Earth’s  magnetotail  [e.g.,  Moldwin  and 
Hughes,  1991].  The  “near- Earth-neutral-line”  model  of 
substorms  has  successfully  explained  these  structures  as 
arising  from  magnetic  reconnection  in  the  tcdl  [Hones, 
1977].  Although  the  physical  conditions  in  the  corona 
and  the  magnetosphere  are  quite  different,  the  topolog¬ 
ical  and  evolutionary  siimlatrities  of  these  two  types  of 
plasmoids  point  to  a  common  process  involved  in  mag¬ 
netic  disconnection. 

Although  the  results  reported  in  this  paper  are  based 
on  examination  of  a  large  number  of  events,  they  need  to 
be  verified  with  a  more  complete  data  set.  In  particular, 
the  time  cadences  of  the  data  sets  used  in  this  study 
were  not  ideal  for  a  comprehensive  survey.  The  Skylab 
and  1980  SMM  data  sets  had  relatively  low  duty  cycles 
for  synoptic  coronal  observations,  and  natural  eclipses 
provide  only  snapshot  views  of  the  corona  every  few 
years.  We  plan  a  more  comprehensive  survey  and  study 
of  the  pre-existing  structures  from  which  CMEs  arise 
and  the  late  phase  of  CMEs  using  the  extensive  SMM 
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CME  data  set  acqtiired  with  a  steady  cadence  during 
the  5“  years  between  the  repair  of  the  SMM  spacecraft 
in  1984  and  its  reentry  in  December  1989.  These  data 
were  obtained  with  a  high  duty  cycle  rate  of  87%  for 
once-pei-orbit  observations  of  the  corona.  The  results 
of  these  studies  wHl  provide  an  important  baseline  for 
observations  of  the  evolution  of  streamers  and  CMEs 
that  will  be  made  with  the  SOBO  mission,  in  particular 
with  the  expanded  field  of  view  that  will  be  available 
with  the  LASCO  coronagraph  experiment. 
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On  average,  the  distribution  of  geomagnetic  disturbances  over  the  solar  activity  cycle  exhibits  two  peaks. 

It  is  commonly  thought  that  these  peaks  represent  two  components  of  geomagnetic  activity  that  have  very 
different  solar  and  heliospheric  sources.  A  peak  near  solar  maximum  is  associated  with  transient  solar 
activity  and  a  later  peak  during  the  declining  phase  is  attributed  to  recurrent  high  speed  streams  from 
coronal  holes.  Coronal  mass  ejections  (CMEs)  are  now  considered  to  be  the  most  important  phenomenon 
associated  with  the  first  peak.  However,  the  influence  of  such  transient  disturbances  may  also  extend  into 
the  declining  phase.  It  is  becoming  apparent  that  the  coronal  streamer  belt  and  its  extension  as  the 
heliospheric  current  sheet  plays  a  major  role  in  both  kinds  of  geoactivity.  For  example,  streamers  are  the 
source  of  many,  if  not  most  CMEs.  During  the  declining  phase,  corotating  stream  interaction  regions 
(CIRs)  cause  the  strongest  recurrent  geom^netic  activity,  often  because  CMEs  cluster  there.  CIRs  arise 
from  interactions  at  the  boundaries  between  streamers  (slow  wind)  and  coronal  holes  (fast  wind).  These 
aspects  of  geomagnetic  disturbances  during  the  declining  phases  of  cycles  are  reviewed  with  emphasis 
on  comparison  of  the  present  solar  cycle  with  the  previous  two  cycles. 

THE  DISTRIBUTION  OF  GEOMAGNETIC  ACTIVITY  OVER  THE  SOLAR  CYCLE 

It  has  long  been  known  that  the  level  of  geomagnetic  aaivity  at  the  earth  tends  to  follow  the  sunspot 
cycle.  Sunspots  are  considered  a  useful  measure  of  the  general  level  of  magnetic  activity  on  the  sun,  and 
the  smoothed  sunspot  number  rises  and  falls  monotonically  over  the  cycle.  This  activity  is  transmitted 
to  Earth  via  the  solar  wind. 

On  average,  however,  the  distribution  of  geomagnetic  (GM)  disturbances  over  the  solar  activity  cycle 
exhibits  two  peaks,  one  near  sunspot  maximum  and  the  other  during  the  declining  phase  of  the  cycle.  It 
is  commonly  thought  that  these  two  peaks  represent  the  maximum  phases  of  two  components  of  GM 
activity  that  have  very  different  solar  and  heliospheric  sources.  The  first  peak  is  considered  associated 
with  transient  solar  activity  that  tracks  the  solar  cycle  in  both  amplitude  and  phase.  The  later  peak  during 
the  declining  phase  is  usually  attributed  to  recurrent  high  speed  streams  from  coronal  holes. 

The  close  overall  coupling  between  the  sunspot  and  GM  activity  cycles  can  be  seen  in  long-term  plots 
comparing  various  indices  of  the  two  kinds  of  activity.  For  example,  the  so-called  centennial  series  of 
the  aa  GM  index  has  been  used  to  show  its  long-term  trend  compared  with  sunspot  numbers.  The  aa 
index  measures  GM  activity  at  two  antipodal  stations  and  was  determined  for  the  years  1868-1967  by  /!/. 

Mayaud  /!/  presents  plots  of  aa  and  sunspot  number  for  these  10  solar  cycles  and  /2/  show  an  updated 
version  through  cycle  21.  There  is  a  good  overall  correspondence  between  these  parameters  but  with  a 
distinct  upward  trend  in  the  envelope  of  maximum  and  minimum  aa  values  since  1900.  This  trend  is 
unexplained  but  may  be  related  to  the  88  yr  Gleissberg  cycle  in  sunspot  variations,  e.g.,  /3/.  However, 
no  such  trend  is  apparent  from  1781-1880  in  data  derived  from  the  magnetic  declination  compiled  by 
Wolf  (e.g.,  see  Fig.  24  in  /4/). 
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Fig.  1.  Annual  numbers  of  geomagnetic  disturbed  days,  Ap  >  50,  (bars)  vs.  sunspots  (ligiit  line) 

for  solar  cycles  17-22.  Cycle  numbers  are  marked  above  each  curve.  Courtesy  NOAA,  SEL. 

On  annual  time  scales  the  GM  activity  cycle  clearly  has  more  structure  than  the  solar  cycle.  This  is 
illustrated  in  Figure  1,  which  shows  the  annual  number  of  disturbed  days  (Ap  >  50)  vs  sunspot  number 
for  the  last  6  solar  cycles,  17-22.  The  distribution  of  GM  activity  is  more  varied  than  sunspot  number, 
but  tends  to  track  the  sunspot  cycles  in  amplitude.  For  example,  the  least  "active”  solar  cycles,  17  and 
20,  also  had  the  lowest  levels  of  GM  storms. 

Figure  1  also  demonstrates  the  double  peaked  nature  of  the  GM  activity  cycle.  There  is  evidence  for  two 
peaks  in  most  cycles,  with  the  first  peak  at  or  just  before  the  sunspot  peak  and  the  second  during  the 
declining  phase.  The  later  peak  is  often  higher  than  the  first.  Legrand  and  Simon  111  have  studied  the 
distribution  of  192  "severe"  storms  (aa  >  100  nT)  from  1868-1980  (their  Fig.  10)  and  concluded  that 
there  are,  on  average,  three  intervals  of  activity  during  the  sunspot  cycle;  a.  1-2  yr  period  with  no  intense 
storms  at  sunspot  minimum,  a  6-yr  interval  of  severe  storms  peaking  one  yr  before  sunspot  maximum, 
and  a  3-4  yr  period  of  storms  with  a  peak  —  3  yr  after  maximum.  Gonzales  et  al.  151  performed  a  similar 
study  of  the  distribudon  of  aa  and  Dst  storms  over  cycles  13-21,  and  found  that  both  intense  and 
moderate  storms  had  sunilar  distributions  with  the  first  peak  occurring  8  mo  before  sunspot  maximum 
and  the  later  peak  2  yr  after  maximum. 

•  The  space  age  began  in  earnest  in  the  1960s.  Since  the  beginning  of  solar  cycle  20,  we  have  had  nearly 
continuous  spacecraft  measurements  of  the  solar  wind  near  the  earth.  So  we  can  now  compare  and 
contrast  the  solar  inputs  and  the  interplanetary  and  GM  responses  over  the  last  3  solar  cycles.  Here  we 
review  the  distribudon  of  GM  acdvity  with  an  emphasis  on  the  solar  and  interplanetary  (IP)  influences 
on  this  acdvity  during  the  declining  phase  of  the  solar  cycle,  die  primary  focus  of  this  Symposium.  In 
the  next  section  we  briefly  discuss  transient  solar  and  DP  acdvity  related  to  the  first  peak  of  GM  acdvity, 
and  the  newly-realized  importance  of  coronal  mass  ejecdons  (CMEs)  and  IP  shocks  to  GM  storms.  This 
is  followed  by  a  discussion  of  the  important  role  of  the  coronal  streamer  belt  as  the  locus  of  the 
heliospheric  current  sheet  (HCS)  and  as  a  source  of  CMEs.  The  fourth  secdon  describes  the  solar  and 
IP  sources  of  the  second  peak  of  GM  acdvity  in  the  context  of  high  speed  streams  and  the  slow  speed 
boundaries  which  divide  them.  The  evidence  for  a  22-year  cycle  in  the  level  of  recurrent  atsivity  is 
briefly  discussed  and  related  to  the  reversal  of  the  solar  dipole  field.  Finally,  we  compare  the  recurrent 
patterns  in  GM  acdvity  during  the  declining  phases  of  the  last  3  solar  cycles,  including  the  current  cycle 
22,  and  summarize  the  results. 

SOLAR  AND  INTERPLANCTARY  SOURCES  OF  THE  FIRST  ACTIVITY  PEAK 


The  dual-phase  nature  of  GM  acmvity  is  usually  thought  to  arise  from  the  suptirposidon  of  two  quite 
different  sources  of  solar  acdvity.  In  this  section  we  discuss  the  transient  solar  and  IP  activity  related  to 
the  first  peak  of  GM  aaivity  and  the  newly-realized  importance  of  CMEs  and  IP  shocks  to  GM  storms. 

Overall,  GM  storms  are  statistically  best  correlated  with  the  speed  of  the  solar  wind  and  with  the 
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southward  cx)mponent  (Bs  =  -Bz)  of  the  interplanetary  magnetic  field  (IMF),  e.g.  /6,  7/,  Lower 
correlations  have  been  found  between  other  combinations  of  solar  wind  parameters  and  GM  indices. 
Longer  periods  of  GM  activity  correlate  best  with  solar  wind  speed,  and  shorter  periods  (min  to  hr)  with 
enhanced  Bs.  This  latter  effect  can  be  very  pronounced  in  comparisons  between  short-term  Bz  fluctuations 
and  the  auroral  ejectrojet  index  AE,  particularly  during  the  passage  of  high  speed  streams,  e.g.  /8/.  The 
influence  of  periods  of  strong  V  and  Bs  impinging  on  the  earth  can  be  qualitatively  understood  because 
high  speed  is  associated  with  high  momentum  flux,  and  Bs  fields  with  an  increased  efficiency  in 
transferring  solar  wind  energy  to  the  magnetosphere,  probably  through  magnetic  merging  at  the  dayside 
magnetopause. 

A  GM  storm  is  the  long-term  (hr  to  days)  response  of  the  magnetosphere  to  the  passage  of  a  structure 
in  the  solar  wind.  Compression  of  plasma  and  fields  at  the  leading  edge  of  the  structure  causes  either  a 
sudden  or  gradual  commencement  to  the  storm.  Most  sudden  commencements  occur  during  the  maximum 
phase  of  the  solar  cycle  since  they  are  well  correlated  with  IP  shocks  191.  They  are  also  associated  with 
the  most  intense  storms.  Tsurutani,  Gonzales  and  colleagues  (e.g.  /lO/)  have  shown  that  the  Bs  fields 
associated  wi±  the  most  intense  (Dst  <  -100  nT)  storms  are  caused  by  IP  shocks  and  their  sheaths,  the 
so-called  "driver  gas"  which  follows,  and/or  a  distorted  HCS.  All  of  these  structures  have  been  associated 
in  other  studies  with  coronal  transients. 

For  years  it  was  thought  that  soiar  flares  were  responsible  for  major  IP  particle  events  and  storms. 
However,  recently  we  have  seen  the  development  of  an  important  new  paradigm  such  that  now  CMEs, 
not  flares,  are  considered  the  key  causal  link  between  solar  activity  and  major  transient  IP  and 
geomagnetic  disturbances  /ll,  12/.  CMEs  are  vast  structures  of  plasma  and  magnetic  fields  that  are 
expelled  from  the  sun  into  the  heliosphere.  Fast  CMEs  propel  fast  shock  waves  ahead  of  them  which 
trigger  the  sudden  storm  commencements  when  they  reach  the  earth.  These  iransient  shocks  also 
accelerate  energetic  particles  which  can  penetrate  the  magnetosphere  and  create  hazardous  conditions  to 
spacecraft  and  astronauts  in  Earth  orbit.  The  CME  itself  constitutes  the  "driver  gas"  following  the  shock 
and  can  contain  high  speed  plasma  and  strong  magnetic  fields  which,  when  coupled  to  the  magnetosphere, 
lead  to  intensification  of  the  ring  current,  effectively  causing  the  main  phase  of  a  storm. 

The  ISEE-3  spacecraft  was  placed  at  the  Li  point  In  front  of  Earth  from  1978  to  late  1982  and  collected 
vital  data  on  soiar-terrestriai  interactions  during  the  maximum  phase  of  cycle  21.  Several  studies 
involving  these  data  have  been  fundamental  to  our  understanding  of  the  causes  of  storms  and  the  new 
paradigm.  These  include  the  papers  by  Tsurutani  and  his  colleagues  mentioned  above  in  which  they 
compared  ISEE-3  soiar  wind  and  AE  and  Dst  data  sets  during  the  ten  largest  storms  from  August  1978 
to  January  1980.  Based  on  ISEE  data.  Gosling  and  McComas  /13/  proposed  that  compression  and  draping 
in  the  leading  edge  of  a  CME  and  of  the  ambient  IMF  are  prime  causes  of  strong  Bz.  Field  line  draping 
alone  can  enhance  Bz,  If,  in  addition,  there  are  strong  Bs  fields  in  the  leading  edge  of  the  CME,  a  long 
period  of  strong  Bs  may  ensue  causing  a  severe  storm  at  Earth.  Crooker  et  al.  /14/  emphasize  that  in¬ 
ecliptic  compression  and  draping  of  the  shock  sheath  fields  can  also  result  in  enhanced  Bs  fields  due  to 
the  Russell-McPherron  effea. 

Since  sudden  commencements  are  well  correlated  with  IP  shocks  which  in  turn  are  driven  by  fest  CMEs, 
it  is  inferred  that  the  CME  itself  causes  the  sudden  commencement  storms.  This  was  demonstrated 
statistically  by  /15/  using  ISEE-3  bidirectional  electron  events  as  proxies  for  CMEs.  They  found  that  all 
but  one  of  the  37  largest  storms  (Kp  >  5)  from  1978-1982  were  associated  with  the  passage  of 
bidirectional  events  and/or  shocks  (Figure  2).  The  most  effective  coupling  with  such  storms  is  when  both 
a  CME  and  its  shock  pass  over  the  earth;  in  this  case  the  disturbance  is  encountered  head-on  where  ±e 
flow  parameters  are  maximized.  However,  Gosling  et  al.  /15/  note  that  the  association  is  much  reduced 
for  the  more  frequent  smaller  storms.  Slower  CMEs  not  driving  shocks  are  probably  associated  with 
many  of  the  smaller  storms,  but  this  has  not  yet  been  demonstrated  with  CME  proxies.  In  an  attempt  to 
better  define  the  cfaaraaerisiics  of  geoeffective  CMEs,  my  colleagues  and  I  are  studying  the 
characteristics  of  CMEs  aimed  at  the  earth  using  HELIOS  photometer  data.  We  have  found  that  half  of 
these  CMEs  can  be  associated  with  moderate  to  large  storms.  These  CMEs  have  longer  durations  and 
higher  speeds,  masses  and  momenta,  and  are  more  often  associated  with  shocks  and  other  in-situ 
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storms.  In  another  ISEE  study  Zhao  et  al.  /16/  found 
all  perils  with  IMF  Bs  S  10  nT  for  durations  ^  3  hr  were  associated  with  one  or  more 
CME  proxies.  We  also  now  know  that  the  occurrence  rate  of  CMEs  closely  tracks  the  solar  activity  cycle 
in  both  amplitude  and  phase  /17/.  This  is  consistent  with  the  close  association  of  CMEs  with  IP  shocks 
and  sudden  storm  commencements.  When  combined  with  the  other  information  discussed  above  it 
appear  likdy  *at  CMEs  and  their  related  phenomena  are  the  primary  cause  of  the  transient  component 
related  to  the  first  peak  of  GM  activity.  ^ 


■  Shocks  4.  OlEs 
S  Shocks  Oo*y 
□  NollhiK 


Medium  Slorms  (84) 


Small  Stornis  (206) 


Fig.  2.  Pie  charts  of  the  association  of  GM  storms  with  Earth  passage  of  CMEs  and  IP  shocks 
from  1978-1982  /15/.  (  )  indicate  the  number  of  storms  in  each  cat^ory:  Major,  Kd  S  8  •  Lar<je 

7.<Kp^7,.;  Medium,  6.^Kp^6*;  Small,  5.:£Kp^5*.  ’ 


RELATION  OF  THE  HEUOSPHERIC  CURRENT  SHEET  TO  STREAMERS  AND  CMEs 


In  order  M  understand  all  GM  activity,  including  that  which  is  recurrent,  we  need  to  place  it  in  the 
ojntext  of  *e  evolution  of  the  sun’s  magnetic  field  and  its  associated  activity  over  the  cycle.  We  do  so 
in  this  s^on  by  pointing  out  the  close  relationship  among  coronal  streamers,  the  heliospheric  current 
sheet  (HCS)  and  CMEs  and  their  evolution  over  the  cycle.  This  connection  is  the  foundation  of  a  new 
consensus  view  of  the  solar-terrestrial  interaction. 


l^e  simpl^t  magnetic  configuration  of  the  sun  occurs,  not  coincidently,  during  activity  minimum  At 
this  time  the  sun’s  magnetic  field  can  be  approximated  as  a  dipole  whose  axis  is  tilted  slightly  with 
respect  to  the  «is  of  rotation.  Large  coronal  holes  cover  the  sun’s  polar  regions  with  lobes  extending 
equatorward.  These  open  field  regions  are  of  opposite  polarity.  Separating  them  is  a  band  about  40*  wide 
centered  over  the  heliomagnetic  equator  within  which  are  mostly  closed  structures  near  the  surface  i.e. 
active  regions  and  sunspots.  The  coronal  streamers  extend  over  these  r^ions  forming  a  bright’band 
around  the  sun.  The  high  speed  wind  flowing  from  the  polar  holes  constricts  the  oppositely^lirected  fields 
over  the  streamers  to  a  narrow  current  sheet  which,  in  a  3-dimensional  view,  takes  on  the  appearance  of 
a  b^lerina  s  skm.  The  rotating,  warped  heliospheric  current  sheet  appears  as  a  seaor  boundary  crossing 
at  Earth,  such  that  during  one  solar  rotation  the  earth  will  be  immersed  m  two  large  sectors  of  opoosite 
polarity  each  with  the  relatively  high  speed  wind  of  its  parent  hole. 

During  tlto  cycle  new  magnetic  flux  emerges  at  higher  latitudes  leading  to  a  more  complex  and  disturbed 

heliomagnetic  equator  become  more  complicated  and  more  inclined 
(  tilted  )  to  the  rotation  axis,  and  more  sectors  and  boundary  crossings  will  be  observed  at  Earth  Near 
maximum  acuv^  a  simple,  single  current  sheet  surrounding  the  sun  may  not  exist,  although  one  recent 
study  suggKts  that  a  4-sector,  single  sheet  pattern  still  exists  even  at  maximum  /1 8/.  The  tilted  dipole 
model  of  the  sun  was  shown  by  719/  and  others  to  empirically  match  the  3-dimensional  corona  during 
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Skylab.  Recent  observations  of  the  latitudinal  dependence  and  evolution  of  CIRs  at  high  latitudes  from 
Ulysses  show  excellent  agreement  with  improved  3-D  tilted  dipole  models  /20/. 

On  a  global  scale  the  slow  wind  is  confined  to  the  streamer  belt  and  the  HCS.  It  now  appears  that  this 
belt  is  the  source  of  most  CMEs  and  other  transient  activity  which  affects  the  heliosphere,  except  possibly 
near  maximum.  This  new  understanding  comes  largely  from  results  from  the  extended  observations  of 
CMEs  made  with  the  SOL  WIND  and  SMM  coronagraphs  from  1979-1989.  The  temporal  and  latitudinal 
distributions  of  these  CMEs  are  similar  to  those  of  streamers  and  prominences,  being  confined  to  low 
latitudes  about  the  HCS  near  cycle  minimum  and  becoming  widely  distributed  in  latitude  near  maximum 
/21/.  This  evolution  is  very  different  from  that  of  active  regions,  flares  or  sunspots.  Many  energetic 
j  CMEs  are  actually  the  disruption  of  a  pre-existing  streamer,  which  increases  in  brightness  and  size  for 

days  before  erupting  as  a  CME.  Afterwards  the  streamer  and  CME  are  gone,  often  replaced  by  a  thin 
ray,  probably  a  current  sheet.  Several  recent  studies  /2I,  22/  show  that  most  CMEs  are  clustered  within 
V  —20°  of  the  coronal  current  sheet  over  much  of  the  cycle.  For  example,  in  1994  many  streamers  were 

blown  out  as  CMEs,  appearing  on  synoptic  maps  as  "bugles"  (see  Fig.  12  in  /21/).  T^us,  CMEs  tend 
to  arise  in  coronal  streamers  and  these  streamers  form  the  locus  of  the  HCS  at  the  Sun. 

Crooker  et  al.  /23/  have  recently  developed  a  phenomenological  model  which  consolidates  the  roles  of 
coronal  streamers,  the  HCS  and  sector  boundaries,  and  CMEs  over  the  solar  cycle.  They  noted  that  the 
IMF  at  sector  boundary  crossings  can  be  quite  complex.  They  examined  a  sector  boundary  crossing  at 
Earth  on  21  April  1979  because  it  had  the  typical  plasma  structure  of  sector  boundaries  preceding  high 
speed  streams  /24/,  i.e.,  a  sharp  density  peak  and  rapid  velocity  and  temperature  dips  at  the  crossing. 
Crooker  et  al.  found  that  the  ISEE-3  IMF  data  revealed  many  directional  discontinuities  across  the 
boundary  indicating  many  time  scales  for  its  effective  "thickness”.  In  addition,  a  planar  magnetic 
structure  was  detected  in  the  ISEE  data  and  a  CME  was  observed  earlier  both  remotely  and  in-situ  within 
hours  of  the  same  boundary  crossing  at  Helios-2  at  0.5  AU.  These  observations  provide  evidence  that 
CMEs,  magnetic  clouds  and  other  transient  phenomena  are  often  found  near  sector  crossings  in  the  solar 
wind.  The  authors  contend  that  the  classic  description  of  the  HCS  as  a  single  continuous  sheet  is  often 
not  correct. 

Crooker  et  al.  /23/  suggest  that  the  sector  boundary  structure  arises  because  the  base  of  the  HCS  in  the 
corona  can  be  broad,  encompassing  multiple  helmet  streamers  spanning  tens  of  heliographic  deg.  In  the 
heliosphere,  these  structures  are  compressed  into  a  sandwich  of  multiple  current  sheets  across  the 
boundary  between  sectors.  Figure  3  is  a  schematic  of  the  model  showing  the  HCS  as  a  disk  of  variable 
thickness  forming  a  conduit  for  transient  outflow.  In  this  view  the  HCS  is  more  dynamic  than  previously 
thought,  acting  as  a  conduit  for  a  range  of  aaivity  from  slowly  evolving  streamers  to  large  CMEs.  This 
process  also  compresses,  amplifies  and  aligns  pre-existing  magnetic  discontinuities  in  the  HCS  and  at  the 
leading  edge  of  high  speed  streams  /25/.  These  factors  can  also  enhance  the  geoeffectiveness  of  CMEs. 
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Fig.  3.  Schematic  model  of  HCS  as  a  disk  of  variable  thickness  forming  a  conduit  for  transient 
outflow  from  streamer  belt.  After  1231. 
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However,  there  are  some  problems  with  this  relatively  straightforward  picture.  For  example,  Neugebauer 
et  al.  1251  find  that  directional  discontinuities  and  planar  magnetic  structures  can  occur  elsewhere  other 
than  at  sector  boundaries.  Ivanov  et  al.  1261  derive  a  model  of  the  HCS  and  find  that  flares  and  CMEs 
sense  the  HCS  as  a  barrier  and  are  impeded  by  it.  Thus,  in  their  view  GM  activity  is  greatest  for  sources 
which  arise  farther  from  the  HCS. 

SOURCES  OF  THE  SECOND  ACTIVITY  PEAK 

In  this  section  we  will  discuss  those  aspects  of  the  new  paradigms,  the  streamer  belt/HCS/CME 
interaction  and  the  geoeffectiveness  of  CMEs,  which  are  important  for  GM  activity  during  the  declining 
phase  of  the  solar  cycle.  First  we  describe  the  periodicities  other  than  the  basic  long-term  solar  1  l-yr  and 
88-yr  cycles  which  are  important  for  GM  activity  during  the  declining  phase.  There  are  3  other  periodic 
patterns  of  activity  on  time  scales  longer  than  a  (lay  that  are  pertinent.  The  most  important  is,  of  course, 
the  27-day  recurrence  pattern  imposed  by  the  corotation  of  solar  wind  streams.  The  other  two  effects  are 
secondary  and  are  caused  by  periodic  changes  in  the  relationship  between  the  earth’s  and  sun’s  dipole 
fields;  they  are  the  double,  or  22-yr  cycle  and  the  semiannual  variation.  We  briefly  review  these 
periodicities  then  discuss  in  detail  the  27-day  recurrence  pattern. 

Maunder  in  1905  1211  was  the  first  to  convincingly  demonstrate  a  recurrence  pattern  in  GM  aaivity  of 
27  days  and  to  link  it  to  the  solar  rotation  rate.  Hap  good  728/  has  recendy  reviewed  the  evidence  for  this 
periodicity  and  performed  significance  tests  of  the  recurrence  of  storm  days  (Ap  ^  30)  during  the 
declining  phases  of  cycles  17-21.  Figure  4a  shows  the  results  of  significance  tests  of  the  storm  periods 
during  the  declining  phase  of  each  cycle.  All  of  the  values  are  significant  at  the  99%  confidence  level 
and  peak  at  a  period  of  about  27  days  with  a  width  of  6  d.  Figure  4b  shows  the  distributions  of  both  the 
number  of  recurrent  storm  days  and  their  significance  (against  chance  occurrence)  vs  the  sunspot  cycle. 
The  declining  phase  of  each  of  the  6  cycles  has  a  strong  (x^  >  30)  27-d  peak. 
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Fig.  4.  Significance  tests  of  storm  day  recurrence  during  declining  phase  of  cycles  17-21  728/. 
(a)  r  values  of  storm  recurrence  periods,  (b)  Distributions  of  recurrent  storm  days  and  their 
significance  vs  sunspot  number. 

Figure  4  also  reveals  that  the  peaks  in  the  even-numbered  cycles,  18  and  20,  are  much  larger  than  those 
in  the  odd-numbered  cycles.  This  is  called  the  double  or  22  year  cy(tie  and  was  first  noted  by  Chemosky 
7297,  who  examined  80  years  of  the  Ci  index.  He  found  not  only  that  the  last  half  of  even-numbered 
cycles  tended  to  be  more  geomagnetically  active  than  the  first  half,  but  that  the  activity  started  at  a  lower 
level  than  for  odd-numbered  cycles  and  peaked  later.  Russell  and  McPherron  7307  proposed  that  the  22-yr 
cycle  was  related  to  the  22  yr  magnetic  cycle  of  the  sun.  The  solar  field  changes  its  polarity  every  cycle 
shortly  after  sunspot  maximum  as  does  the  heliographic  latitude  dependence  of  the  IMF  polarity. 
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Therefore,  after  the  maximum  of  alternate  1 1-yr  periods  the  ‘toward’  polarity  is  dominant  during  the  first 
half  of  the  year  and  the  ‘away’  polarity  during  the  second  half.  These  occurrences  enhance  the  Bs 
component  at  Earth  leading  to  stronger  GM  activity.  On  the  contrary,  during  the  alternate  1 1-year  cycles 
the  polarity  is  reversed  and  GM  activity  is  weaker.  This  suggests  that  the  present  cycle  22  will  have 
strong  recurrent  GM  activity  during  its  declining  phase. 

Russell  and  McPherron  /30/  attributed  the  semiannual  effect  to  the  annual  variation  of  the  IMF  polarity 
such  that  the  IMF  projects  a  southward  component  at  the  earth  in  a  geocentric  coordinate  system 
whenever  its  polarity  points  toward  the  sun  in  the  spring  and  away  from  the  sun  in  the  fall  (also  see  /6/). 
The  semiannual  effect  has  been  confirmed  and  an^yzed  by  a  number  of  methods,  but  usually  only  for 
average  or  total  levels  of  GM  indices.  However,  714/  noted  a  pronounced  semiannual  variation  of  the 
occurrences  of  large  storms  and  argued  that  much  of  this  periodicity  may  be  due  to  'compression  and 
draping  within  the  ecliptic  plane  in  postshock  flow  preening  C\ffis  [which]  greatly  strengthens  the 
Russell-McPherron  effect  there...”  Others  have  emphasized  that  other  effects  in  addition  to  the  Russell- 
MePherron  mechanism  may  also  contribute  to  the  semiannual  distribution  of  storms. 

With  the  advent  of  relatively  continuous  monitoring  of  the  solar  wind  by  spacecraft  beginning  in  the  mid 
1960s  we  could  study  the  relationship  of  various’interplanetary  parameters  to  GM  activity  on  long  time 
scales.  We  now  have  data  coverage  of  most  of  four  solar  cycles  with  relatively  complete  coverage  for 
cycles  20  and  2 1 .  A  number  of  researchers  have  discussed  the  variations  in  average  solar  wind  parameters 
during  these  two  cycles  and,  in  general,  have  found  strong  correlations  between  the  speed  of  the  wind 
and  GM  activity.  For  example.  Gosling  et  al.  731/  first  reported  that  the  solar  wind  speed  was  unusually 
high  during  the  latter  half  of  cycle  20  in  1973-1975.  The  high  speeds  were  associated  with  enhanced  GM 
activity  which  lagged  the  sunspot  peak  by  -6  yr.  Crooker  et  al.  7327  found  that  the  yearly  Ap  index  was 
well  correlated  with  during  cycle  20,  but  Crooker  and  Gringauz  777  found  it-to  be  poorly  correlated 
during  cycle  21. 

Slavin  et  al.  7337  and  Hapgood  et  al.  7347  studied  the  long-term  averages  of  the  IMF  over  cycles  20  and 
21.  They  found  that  the  field  strength  and  Bz  were  approximately  50%  stronger  in  cycle  21  than  20,  in 
accord  with  the  signature  of  the  total  solar  magnetic  flux.  The  field  strength  peaked  in  1982.  Crooker  mid 
Gringauz  777  concluded  that  during  both  cycles  the  Ap  index  correlated  well  with  the  product  BsV^.  The 
long-term  variation  of  Dst  was  different  from  Ap  and  not  as  simply  related  to  Bs  or  V.  Hapgood  et  al. 
7347  examined  the  variation  of  the  dynamic  solar  wind  pressure  and  found  that  it  also  peaked  during  the 
declining  phase  of  the  cycles,  coincident  with  the  speed  peaks.  However,  in  contrast  to  the  wind  speed, 
the  peak  pressure  was  higher  in  cycle  21  than  20,  consistent  with  a  steady  density  increase  after  1970. 

An  important  question  is  what  are  the  solar  sources  of  high  speed  solar  wind  and  of  high  IMF  strengths? 
Bartels  c^led  the  solar  sources  of  recurrent  GM  storms  "M-regions",  which  were  unknown  for  many 
years.  With  the  advent  of  Skylab  observations,  M-regions  were  identified  with  coronal  holes.  Coronal 
holes  were  determined  to  be  the  primary  sources  of  open  field  lines  and  high  speed,  low  density  flows 
in  the  solar  wind.  They  were  long-lived  and  corotated  with  the  Sun.  High  speed  wind  streams  were  found 
to  be  largest  and  strongest  during  the  declining  phase  of  the  cycle  when  the  holes  were  largest  and  had 
lobes  which  extended  toward  the  helioequator.  The  association  between  the  number  of  near-equatorial 
coronal  holes  and  storms  was  greatest  during  the  declining  phase  of  solar  cycle  21  7357.  However, 
coronal  holes  cannot  explain  all  recurrent  storms.  At  its  peak  in  1984,  near-equatorial  holes  could  only 
account  for  less  than  half  of  all  Ap  >  30  storms  7357. 


Recently,  Crooker  and  Cliver  7367  have  reexamined  the  M-region7recurrent  storm  relationship.  They 
emphasize  that  the  peak  recurrent  GM  activity  coincides  with  the  passage  of  CIRs  and  their  associated 
sector  boundaries,  as  shown  by  7377  and  others.  In  the  solar  wind  CIRs  s^arate  regions  of  high  and  low 
speed  flows,  which  are  identified  with  coronal  holes  and  streamers,  respectively,  at  the  sun.  Thus,  the 
solar  sources  of  the  recurrent  activity  must  include  the  boundaries  between  coronal  holes  and  streamers. 

At  the  sun  the  divergence  and  convergence  of  magnetic  structures  across  these  boundaries  create 
temperamre  and  velocity  gradients  (see  Fig.  2  in  7197).  Dessler  and  Fejer  7387  were  the  first  to  propose 
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tbM  in  the  solar  wind  the  interaction  between  these  flows  would  create  a  region  of  enhanced  turbulence 
which,  m  turn,  would  cause  GM  storms  at  Earth.  We  now  know  that  this  increased  activity  is  caused  bv 
enhanced  IMF  due  to  compression  at  the  leading  edge  of  the  high  speed  stream  /36,  39/. 

Figm-e  5  Ulustrates  an  example  of  this  effect  during  a  period  of  particularly  prominent  recurrent  activity 
m  *e  d^lming  phase  of  cycle  20.  TTiis  is  a  plot  of  the  27-day  recurrence  pattern  of  the  Dst  index  during 
1974.  The  solar  wmd  data  show  two  clearly  separated  high  speed  streams  during  the  year;  the  boundaries 
betwwn  these  two  sectors  are  marked  by  vertical  dashes.  The  peak  GM  activity  follows  the  boundaries 
by  1-2  days,  in  agreement  with  their  cause  being  compressed  Bs  fields  in  CIRs. 


Dst.  1974 


DAYS 


Fig.  5.  27-d  recurrence  plot  of  Dst  index  in  1974  /36/.  Vertical  dashes  mark  sector  boundaries 
and  arrows  mark  passage  times  of  shocks  (S),  helium  abundance  enhancements  (H),  and  magnetic 
clouds  (C).  \  f, 

In  the  Crooker  et  al.  1231  model,  the  HCS  is  considered  a  conduit  for  CMEs  so  that  the  probability  of 
encountering  a  CME  m  the  ecliptic  plane  increases  near  sector  boundaries.  This  prediction  is  strongly 
^pported  during  the  recurrent  phase  of  the  cycle,  at  least  for  cycle  20  /36,  8/.  Figure  5  shows  that  the 
IP  signatures  of  CMEs  at  Earth  (vertical  arrows)  tend  to  cluster  around  the  sector  boundary  crossings. 
It  IS  important  to  emphasize  that  nearly  all  IP  shocks  (and  therefore  SCs)  at  1  AU  precede  CMEs* 
corot^g  shocks  associated  with  CIRs  generally  form  beyond  1  AU  (e.g.  /39,  36/).  CMEs  also  can 

compressed  in  the  CHL  This  compression  is  most  effective  for  slow 
CVffis.  ^diuon.  Figure  5  demonstrates  how  effective  the  Russell-McPherron  effect  was  during  this 
penc^.  Although  there  were  two  strong  wind  streams  of  opposite  polarity  in  1974  /40/,  GM  activity  was 
clearly  OTongw  m  the  second  stream  (‘toward'  polarity)  during  the  first  half  of  the  year  and  in  the  first 
stream  (  away  polarity)  during  the  second  half  of  the  year.  This  is  as  predicted  by  the  R-M  effect  /36/. 

Crooker  and  Cliver  /36/  note  that  there  is  a  period  of  what  they  call  "sustained"  GM  activity 
which  follows  and  is  weaker  than  the  CIR-associated  activity  but  can  last  10  days  or  more.  This  weaker 
acttvity  IS  ass^iatal  with  the  high  speed  stream  itself  and,  therefore,  with  the  near-equatorial  coronal 
hole.  This  acnvity  is  related  to  the  continuous  auroral  activity  called  HILDCAAs  caused  by  southward 
components  of  Alfv^aves  in  the  streams  /8/.  Sustained  activity  can,  of  course,  occur  whether  or  not 
4ere  is  any  drnmct  CIR-associated  activity.  Because  of  the  interrelationship  of  CMEs  with  the  streamer 
belt  ^d  the  HCS,  it  is  clear  that  forecasting  the  time  of  arrival  of  sector  boundary  crossings  at  the  earth 
should  improve  forecasts  of  GM  storm  periods  at  nearly  all  phases  of  the  solar  cycle. 
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PATTERNS  IN  THE  PRESENT  CYCLE  (22) 

Since  the  beginning  of  solar  cycle  20  in  1965,  we  have  had  nearly  continuous  spacecraft  measurements 
of  the  solar  wind  near  the  earth.  Thus,  we  can  now  compare  and  contrast  the  solar  inputs  and  IP  and  GM 
responses  over  the  last  3  solar  cycles.  We  have  discussed  some  of  the  recurrent  patterns  in  IP  and  GM 
activity  during  the  declining  phases  of  cycles  20  and  21.  In  this  section  we  will  discuss  these  aspects  of 
the  current  cycle  22,  in  particular,  the  timing  and  strength  of  the  recurrence  patterns  in  GM  activity 
compared  with  those  of  cycles  20  and  21. 

Sheeley  et  ai.  /40/  and  Sheeley  and  Harvey  /41/  presented  color-coded,  27-day  displays  comparing  IMF 
polarity,  solar  wind  speed  and  the  GM  disturbance  index  C9  from  1962-1979.  These  maps  nicely 
demonstrate  the  dominance  of  the  two-sector,  27-day  corotation  patterns  during  the  declining  phases  of 
cycles  19  and  20.  The  data  set  beginning  with  Sky  lab  in  1973  also  includes  coronal  holes  and  their 
polarities,  and  shows  that  the  holes  also  rigidly  rotated  during  the  declining  periods  and  lay  centered 
within  the  like-polarity  IMF  patterns.  The  solar  wind  coverage  was  spotty  during  the  latter  half  of  cycle 
19  but  suggests  that  the  two-stream  recurrence  pattern  set  in  before  the  end  of  1962  and  extended  for  at 
least  2  years  nearly  to  the  end  of  1964.  Cycle  20  showed  a  similar  but  stronger  two-sector  recurrence 
pattern  starting  in  the  fall  of  1973  and  extending  through  the  spring  of  1975,  a  period  of  yr. 

The  27 -day  displays  have  been  continued  through  cycle  21,  but  the  solar  wind  data  are  not  continuous 
/42/.  We  have  also  examined  the  GM  activity  patterns  during  the  declining  phases  of  cycles  21  and  22 
for  comparison  with  the  earlier  cycles.  For  cycle  21  we  studied  the  27-day  pattern  of  activity  using  the 
27-day  displays  and  the  annual  plots  of  the  Planetary  Kp  index  in  the  Solar-Geophvsicai  Data  Bulletins 
from  1983  through  1985.  The  recurrence  pattern  of  GM  activity  during  the  declining  phase  of  this  cycle 
was  most  apparent  beginning  in  mid- 1984  and  extending  to  about  May  1985,  a  period  of  about  one  year. 
However  because  of  the  incomplete  IMF  data  coverage,  we  were  unable  to  identify  repeated  crossings 
of  the  same  sector  boundary.  In  addition,  the  only  continuous  data  available  as  an  IP  CME  proxy  are 
sudden  commencements  as  indicators  of  IP  shocks  at  1  AU.  With  these  limitations,  we  find  that  the 
overall  pattern  of  GM  activity  recurrence  in  cycle  21  was  similar  to  that  of  cycles  19  and  20.  In  particular 
it  was  similar  to  the  period  in  1974-75  with  IP  shocks  and  peak  GM  activity  following  the  sector 
crossings  by  1-2  days.  However,  the  activity  associated  with  one  stream  was  stronger  than  the  other  and 
the  overall  patterns  not  as  sharply  defined  as  in  1974  (Figure  5).  This  is  because  the  two-sector,  high 
speed  stream  pattern  was  not  as  strong  or  as  long-lived  in  1984-85  as  compared  with  1974-75. 

What  can  we  say  about  how  the  present  cycle  compares  with  earlier  ones,  and  about  the  timing  and 
severity  of  GM  activity  during  the  declining  phase?  Referring  back  to  Figure  1,  we  see  that  the  present 
sunspot  cycle  had  a  rapid  rise  but  was  otherwise  similar  to  the  average  envelope  of  previous  cycles  in 
terms  of  the  distribution  of  both  sunspot  number  and  GM  activity.  The  exceptions  to  this  general  pattern 
are  that  cycle  20  was  abnormally  low  in  both  types  of  activity,  and  that  cycle  21  had  an  unusual  deficit 
of  GM  activity  in  1980  during  sunspot  maximum.  We  note  that  because  cycle  22  is  an  even  numbered 
cycle,  we  can  predict  that  the  level  of  GM  activity  during  the  declining  phase  may  be  high  due  to 
enhanced  values  of  the  wind  speed  and/or  IMF  strength. 

That  we  are  well  into  the  declining  phase  of  cycle  22  is  indicated  by  a  number  of  key  data  sets.  For 
example,  McIntosh  1431  notes  chat  the  10.7  cm  solar  radio  flux  is  a  good  indicator  of  the  duration  of  the 
maximum  phase  of  coronal  activity  during  the  solar  cycle,  and  that  the  end  of  this  phase  is  usually 
signaled  by  an  abrupt  drop  in  intensity.  This  drop  thus  represents  a  good  marker  of  the  start  of  the 
declining  phase  of  activity.  The  10.7- cm  plots  of  cycles  18-22  show  that  the  duration  of  the  maximum 
phase  is  consistently  >  3  yr.  The  last  3  cycles  have  exhibited  similar  profiles,  with  flat  maxima  and 
sharp  drops  in  intensity.  The  sharp  drop  signaling  the  start  of  the  declining  phase  of  cycle  22  occurred 
in  March  1992,  only  6  yr  after  cycle  onset  in  1986.  This  is  shown  in  Figure  6  where  the  10.7  cm  flux 
for  cycle  22  is  presented  along  with  the  sunspot  number  and  the  GM  A  index.  In  this  cycle  the  radio  flux 
distribution  matches  well  that  of  the  sunspot  number.  Solar  X-ray  activity  declined  sharply  at  this  time 
as  seen  in  the  whole-sun  GOES  plots  and  in  plots  of  daily,  full-disk  averaged  X-ray  flux  from  Yohkoh. 
The  last  X-class  X-ray  flares  occurred  in  late  1992  and  the  last  Ground-Level  Event  was  recorded  at 
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Earth  in  November  1992, 


CycJ0  22  Indicts  Oct  7994 


Fig.  6.  Averaged  plots  of  GM  A  index  (top),  sunspot  number  and  10^7  cm  radio  flux  for  cycle 
22.  Courtesy  NOi^,  Space  Environment  Laboratory. 

The  top  panel  in  Figure  6  shows  the  distribution  of  GM  activity  in  this  cycle.  Note  that  there  were  two 
sharp  peaks  in  the  cycle,  the  last  in  June  1991.  Following  the  last  peak  the  envelope  of  A  declined 
slowly,  then  flattened  out.  Although  we  are  still  in  the  declining  phase  of  cycle  22,  we  can  get  some  idea 
when  the  pattern  of  recurrence  began  for  this  cycle.  The  annual  plots  of  the  Planetary  Kp  index  establish 
that  recurrent  activity  began  possibly  as  early  as  the  fall  of  1993  and  continues  into  the  present  (late 
1994).  Note  in  Figure  6  that  1994  saw  a  resurgence  of  GM  activity  which,  along  with  the  developing  27- 
day  Kp  pattern,  reveals  that  the  recurrent  phase  of  GM  activity  in  cycle  22  is  well  underway. 

An  onset  of  the  recurrence  pattern  in  the  fell  of  1993  is  only  7  years  after  the  start  of  the  present  cycle. 
Compared  with  the  previous  two  cycles  this  recurrence  onset  is  earlier  than  might  be  expected.  This  is 
consistent  with  the  rapid  rise  in  sunspot  number  of  cycle  22  to  an  early  onset  of  maximum,  a  period  of 
just  over  2V4  yr,  and  with  a  3.3-yr  maximum  phase.  At  least  one  prediction,  based  on  the  radio  flux,  is 
that  the  next  minimum  of  solar  activity  wUl  occur  as  early  as  the  fell  of  1995  /43/.  If  so,  this  would  nialff» 
the  length  of  cycle  22  just  over  9  yr,  or  the  shortest  cycle  in  the  modem  record  (defined  as  since  1818 
when  the  record  of  sunspot  numbers  is  of  good  or  better  quality)  /44/.  For  comparison  the  only  cycle 
during  this  period  with  a  length  of  less  than  10  yr  was  cycle  8,  with  a  length  of  9.6  yr  starting  in  1833. 
Thus,  it  is  possible  that  cycle  22  may  become  one  of  the  shortest  cycles  on  record! 

SUMMARY 

The  distribution  of  geomagnetic  disturbances  over  the  solar  activity  cycle  statistically  exhibits  two  peaks. 
It  is  thought  that  these  represent  two  components  of  GM  activity  that  have  very  different  solar  and 
heliospheric  sources:  one  associated  with  transient  solar  activity  that  peaks  with  the  sunspot  cycle,  and 
a  later  peak  during  the  declining  phase  associated  with  recurrent  high  speed  streams  from  coronal  holes. 
It  is  clear  that  the  first  peak  is  dominated  by  transient  solar  activity.  However,  a  new  paradigm  has 
developed  in  which  coronal  mass  ejections  and  their  associated  shocks,  rather  than  flares,  are  considered 
the  key  link  between  solar  and  GM  activity  at  maximum. 

The  influence  of  CMEs  appears  also  to  extend  into  the  declining  phase.  As  we  have  shown,  the  coronal 
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streamer  belt  and  its  extension  as  the  heliospheric  current  sheet  appears  to  play  a  major  role  in  both  kinds 
of  geoactivity.  For  example,  streamers  are  the  source  of  many,  if  not  most  CMEs.  During  the  declining 
phase,  the  passage  of  CIRs  by  the  earth  are  associated  with  the  strongest  recurrent  GM  activity,  often 
because  CMEs  tend  to  cluster  there.  CIRs  arise  from  interactions  at  the  boundaries  between  streets 
(slow  wind)  and  coronal  holes  (fast  wind).  The  sustained  recurrent  activity  associated  with  high  speed 
streams  from  coronal  holes  causes  weaker  aaivity  and  is  due  to  Alfven  waves  in  the  wind. 

We  compared  and  contrasted  several  aspects  of  GM  disturbances  during  the  declining  phases  of  the  last 
3  solar  activity  cycles.  The  27-day  recurrence  patterns  of  GM  indices  during  the  declining  phases  of 
cycles  21  and  22  were  compared  with  the  pattern  seen  in  Dst  during  cycle  20  in  1974.  The  patterns  were 
similar  in  all  3  cycles,  but  with  important  differences.  In  cycle  21  recurrence  set  in  from  mid- 1984  to 
May  1985.  Although  the  available  space-based  data  is  less  than  in  cycle  20,  it  is  evident  that  the  2  cycles 
differed  in  that  in  cycle  21  the  IP  shocks  and  associated  major  storms  mainly  followed  one  sector 
boundary  instead  of  two  and  were  not  as  pronounced. 

In  comparison  with  the  previous  two  cycles,  the  recurrence  pattern  of  the  present  cycle  22  started  earlier 
than  might  be  expected,  only  7  years  after  cycle  onset.  This  is  in  accord  with  the  possibility  that  cycle 
22  may  become  one  of  the  shortest  cycles  in  the  modem  record.  Several  data  sets,  including  the  10.7  cm 
radio  flux,  sunspot  number,  GM  activity  indices,  and  a  sharp  decrease  in  flaring  activity  on  the  sun, 
indicate  that  we  are  definitely  into  the  declining  phase  and  the  recurrent  pattern  of  activity  in  cycle  22.' 
Because  of  the  22-year  solar  magnetic  cycle,  the  level  of  recurrent  activity  may  be  stronger  in  this  even- 
numbered  cycle. 

I  thank  E.  Oliver  of  the  AF  Phillips  Lab/GPS  and  N.  Crooker  of  Boston  University  for  helpful  comments 
on  the  manuscript.  I  am  grateful  to  the  COSPAR  Bureau  and  to  PhUlips  Lab/GPS  ^ntraa  AF19628-90- 
K-0006)  for  supporting  my  participation  in  the  COSPAR  meeting. 
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